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A Modular Design Framework for Lab-On-a-Chips 
Abstracts 
Microfluidic based Lab-on-a-Chip (LoC) devices exhibit potentials to become cheaper and better 
replacement for bench-top instrumentations. The current practice of designing LoCs starts from 
an empty design space, focuses less on design reuse, which is labor intensive and difficult to 
scale, making reusing, modifying and extending designs and sharing tasks challenging for 
researchers without all or many sets of skills. It takes broad and deep sets of skills to design 
LoCs. LoC researchers will probably not possess the necessary skills and knowledge to design 
chips: fabrication methods, materials, 3D modelling and numerical simulation etc. Collaboration 
among researchers across disciplines from different laboratories is challenging, reusing designs 
is not possible and scaling design effort is difficult.  
One way to help researchers focus on their research strengths, without needing to learn every 
detail LoCs design, is to design LoCs for them and to reuse existing LoC designs.  Facilitating 
collaboration among researchers emulates best practices from the discipline of system 
engineering. Complexity in LoC designs can be reduced by separating tasks performed by LoC 
users and designers. If the design-by-assembly method is used, neuroscientists, as application 
designers, can design LoCs using components designed by low-level microfluidic component 
designers. By employing this approach, a LoC can be prototyped by assembling subsystems of 
different configurations. This method can help researchers in designing and constructing LoCs. 
Another benefit of this design framework is the accompanying construction methods and 
techniques, which integrate commercial-off-the-shelf (COTS) systems, meaning sophisticated 
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yet low-cost LoCs can be constructed. Therefore, the design framework should enable 
researchers to design LoCs with different fluidic control, analytical features and modify them as 
needed without having all or many skills. 
The design framework could make the task of designing LoCs less challenging, and fabricating 
LoCs and collaborating among laboratories more feasible. It can be used to create new 
microfluidic LoCs for neuroscience and neurophysiological investigations. Firstly, SoftMABs 
were created. Secondly, they were assembled like LEGO bricks to design an LoC. Next, 
SoftMABs were reconfigured by replacing modules, by dragging-and-dropping modules to make 
a different LoC. In addition, a neuroscience LoC such as continuous-flow Polymerase Chain 
Reaction (PCR) SoftMABs can be designed. The construction framework, for designing single-
layer control valves and using normally closed and normally opened valves programmable LoCs 
to achieve experiment-time configurability, is demonstrated and discussed. Also, an operational 
technique method for fabricating a cell-culture LoC with non-planar cell-culture chambers is 
discussed. 
Construction methods are reported for constructing microelectrodes arrays integrated cell culture 
platforms (MEA-LoCs). Cell culture LoC designs are numerically validated, results are analyzed 
and interpreted. Finally, SoftMABs are modified, new LoCs are designed using remodeled 
modules, reverse masters are cast. The LoCs will be cast using the mold and flow validation 
experiments were done using the fabricated LoCs. 
This design framework will reduce complexity and cost in LoC design while increasing 
flexibility, reusability and scalability. SoftMABs and design-by-assembly method can be useful 
for designing and fabricating cell-culture LoCs and polymerase chain reaction platforms.  
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 Chapter 1 Introduction  
Lab-on-a-Chip (LoC) devices are built on microfluidics, electronics, miniaturising and 
prototyping of electromechanical systems. LoCs are built on pico-litre volume fluid handling, 
fluid flow monitoring and manipulating and sample analysing, engineering microsystems and 
electronics. LoCs are biomedical systems (BioMEMS), micro-total analysis systems (μTAS) 
1.   
LoCs as laboratory instruments will reduce the need for sample volume, lower reagent usage, 
improve control of hydrodynamic, mechanical and thermal properties, provide the ability to 
manipulate cellular and molecular samples, expedite the integration of process steps, such as 
sample preparations, chemical reactions, the separations of molecules and cells, suspension to 
sites of interest, and detection of the cells’ reactions to electrical and chemical stimulation. 
Nowadays, LoCs are technological platforms for researchers, with diverse applications. 
Neuroscience researchers are interested in LoCs as the enabling technological platforms for 
designing new instrumentations. Likewise, cell culturists, tissue engineers, clinical drug 
testers and robotic engineers are attracted to the possibilities of organ-on-a-chip LoCs. Early 
warning intelligent systems designers, who design intelligent systems such as the Canary-on-
a-Chip for detecting toxin, are interested in designing LoCs.  
Similarly, geneticists are interested in designing point-of-care diagnostic platforms, 
biomarker detection or polymerase chain reaction PCR-LoCs, and DNA-separation and 
sequencing LoCs 2, 3. Not only chemists and biologists, but scientists from far fields, such as 
petroleum engineers are investigating LoCs to design hydrocarbon reservoir-on-a-chip LoCs 
to develop the reservoir-on-a-chip 4 to investigate petrophysical properties such as porosity 
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and permeability of reservoir rocks and their relationships to fluidic phases and flows in the 
petroleum reservoir. 
1.1. Lab-on-a-Chip 
The foundation technologies of Lab-on-a-Chips (LoCs) are microfluidics, microsystem 
fabrication, electronics and software. The benefits of LoCs are based on pico-litre volume 
reaction, the speed of reaction, the likelihood of those devices becoming consumables, and 
disposability.  
Although LoCs may be different, all of them have common features including fluid flow, and 
the fact that the fundamental data and control flow of an LoC are to be used for biochemical 
sensing, acquiring action-potentials from neurons, processing signals, analysing data, 
presenting results and archiving data. A LoC is built by fabricating microsystems with 
microfluidic channels of varying dimensions, configurations and embedding mechanical, 
electrical sensors into structures and fluid channels and interfacing them to microelectronic 
circuits. In addition, microfluidic platforms are fabricated with optical and acoustic sources 5, 
dielectrophoresis chips constructed with inter-digitated or curved electrodes 6, or multi-
electrode arrays (MEAs) integrated chips for electrophysiological recordings 7, and substrate 
of functionalising surfaces with chemical or protein treatments 8.  
Diverse skills are therefore needed to design new LoCs. They include three dimensional  
mechanical modelling, fluid mechanics, numerical prototyping and characterising fluid flow 
with CFD numerical simulations, microfabrication, integration of sensors, development of 
real-time low-level system software, data processing, user presentation and electronics 
design. In addition to these, additional skills will be needed for specialized LoCs such as 
BioMEMSes 9. However these skills are not common attributes of investigators who wish to 
use LoCs 10. 
 3 
 
Nevertheless, LoCs can represent alternative, affordable, accessible and innovative research 
tools, replacing the bench-top instruments and reduce the specialist skills sets needed for 
biomedical researchers in laboratories. Expensive bench-top instruments needing specialist 
skills may limit researchers and in addition, analyses carried out on these instruments need 
greater amounts of fluid samples. Since analysis stages cannot be streamlined or cascaded, 
multiple numbers of samples are needed for multiple tests and a large volume of biochemical 
agent is needed for operation.  
Bench-top instruments occupy space, they are costly and they require intensive operational 
expenditure. Skills and great effort are necessary to operate and maintain instruments for 
laboratories. Bench-top instruments are inflexible, so researchers are constrained by their 
limitations 11.  The tasks each instrument performs cannot be serialized as stages, cascaded or 
automated, so analytical processes cannot be streamlined.  
One reason LoCs can be useful for biological researchers is that investigations based on 
bench-top equipment need to work with great numbers of cells; several hundreds of 
thousands, or millions of cells, whereas LoCs can culture, condition, stain, sort, screen, 
suspend, immobilize and analyze fewer numbers of cells: of only a few hundreds or 
thousands. However, for biologists to eventually accept LoCs for cell transducting, 
transfecting, manipulating, injecting, characterising neuron networks electrophysiologically, 
transfecting for labeling for light microscopy imaging, designing LoCs could have been done 
by biologists.  
Interestingly, other scientists, such as reservoir engineers, can use LoC models to calibrate 
models’ results before making capital intensive decisions for petroleum exploration. The 
microfluidic device with microstructures emulating porous rock can enable researchers to 
investigate transport in oil and gas reservoirs.  
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Many researchers who want to employ LoCs as tools in their investigations find it is difficult 
to design and develop custom LoCs for their investigations. Researchers and practitioners in a 
particular domain may not possess all skills necessary for tooling a research platform 
although they believe that LoC as the research tool may provide innovative solutions for 
them. 
LoCs can offer non-invasive testing for developing embryos cultured inside them by 
detecting secreted metabolic markers. For example, metabolic markers can be used to detect 
the presence of mismatched genes in chromosomes as mismatch will lead to an embryo with 
Down syndrome. In the past, invasive tests have to be employed, but instead of employing 
invasive tests by sampling one cell out of eight from embryo, non-invasive tests can be 
carried out by monitoring embryo by characterising metabolic markers. Non-invasive 
methods may be better than invasive tests while the embryo is still in those early stages of 
development. 
LoCs can be used in many different application domains ranging from neuroscience LoCs, 
cell-culture LoCs, cell-based sensors, tissue-culture LoCs, organ-on-a-chip, PCR, non-
invasive IVF embryo screening to public utility water quality monitoring, etc. They can be 
used for testing drugs, toxins and pathogens 12. LoCs can serve as low-cost point-of-care 
diagnostic devices with their lesser demands for maintenance to improve the public health in 
developing nations 13. 
 
1.2. Modularising  
Figure 1-1 depicts the conceptual design of an LoC; integrating microfluidic and 
microelectronic components with microstructures, each and every LoC component is a 
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functional block for one or more features designed to carry out on-chip cleansing, 
conditioning, concentrating or analysing tasks on LoCs. 
In recent years, the study of brain and nervous systems has emerged as one of the most 
promising fields for investing intelligent systems as the brain is the smartest system. In the 
quest for devising better solutions, designing more feature-rich instrumentations, LoCs can 
offer better alternative instrumentation for neuroscience at all levels of granularity, from cell 
and sub-cellular molecular levels to the whole animal can be kept on-chip, and networks of 
animals, such as worms 11.   
LoCs for culturing cells or co-culturing cells can become useful LoCs. Nerve cells can be 
seeded into LoCs, suspend to substrate or structures, and perfused them so that they grow and 
multiply after they are suspended and attached to the glass slide. Cultured neurons will be 
immersed and perfused in the cell culture medium flowing in the laminar regime. The culture 
medium is rich in nutrients for cells, balanced for acidity-alkaline equilibrium and regulated 
at a warm temperature. A programmable syringe pump can be used to supply and regulate 
cell culture medium to cells. LoC and the syringe pump can be interfaced via reservoirs 
fabricated on an LoC. 
Monitoring acidity-alkaline can be optically achieved inside LoC by means of dyed fluids. 
Angelescu et al. discussed Schlumberger’s pH monitoring microfluidic system for monitoring 
water quality. In their work, water in-flow is mixed with dye from the reservoir on LoC and 
then afterwards sensed optically 14.  In cell-culture LoCs, the culture medium is already dyed 
and it is feasible for a cell culturist to undertake subjective visual monitoring as well as 
objective monitoring using a microscope and time-lapsed imaging. 
Graphic illustration of a conceptual LoC can be seen in Figure 1-1. It has reservoirs for 
storing fluid and disposing waste, a reservoir that can be used as inlet for seeding neurons 
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into the cell culture chambers, micro-perfusion-chambers for culturing neurons, micro-pillars 
for cells adhering, and microelectrode arrays at the surface of substrate for recording 
extracellular action potentials. In the figure, the LoC will be bonded to the substrate. The 
substrate can be a glass slide and it can be bonded reversibly or non-reversibly. The cell 
culturing chamber will be connected to reservoirs with microfluidic channels. The reservoirs 
are connected to an external syringe pump to suction out waste and an internal coil heater for 
heating up incoming fluid. Cell culture media suctioning out is usually preferred to pumping 
out from the inlet because it does not create bubbles and external heating packs can be used 
instead of coil heaters. Inlet tubes going to the cell culture reservoir are not shown in the 
illustration. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-1: Conceptual Prototype of a Microfluidic Platform 
 
Other types of sensors such as optical and electrical sensors can be added for diagnosing 
disease pathogens, quantifying chemicals of molecules or identifying toxins. To achieve 
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disease diagnosis or chemical detection a series of sequential or parallel molecular cell 
biology or chemical technology processes have to be carried out on an LoC.  
Therefore, constituent components of an LoC can be decomposed and their functional 
components can be conceptually mapped to a physical laboratory. In a gene quantification 
laboratory, a PCR reaction amplifies the strands of DNA by generating great numbers of 
copies of a few strands of DNA in an exponential fashion. In parallel, on a lab-on-a-chip 
platform, in a real-time PCR-LoC (qPCR-LoC), the process of quantifying genes starts with 
cleansing and conditioning with labelling dyes, etc. In a laboratory, a bench-top centrifuge 
will be used to increase the cell concentration. Meanwhile, on its lab-on-a-chip counterpart, 
concentration of cells can be increased by acoustic or optical or mechanical or hydrodynamic 
means. Ideally, all of bench-top instrument based bio-chemistry and molecular processes can 
be theoretically mapped to a part of LoC, each of them embodying a feature, a function, a 
laboratory process or a task. While designing the LoC platform, if an LoC can be made up of 
parts, if one microfluidic part can be combined with other microfluidic parts, it will be one 
desirable feature for an LoC design technology. 
 
1.3. Neuroscience Tools 
Neuroscience is the multi-disciplinary study at the numerous levels of granularity, covering 
sub-cellular molecular nano and micro scales, nervous systems of animals, whole animal and 
colonies in mesoscales. Neuroscience has branches, inter-related disciplines and sub-
disciplines: cellular and molecular neurobiology, cellular electrophysiology, behavioural 
neuroscience studies, studying nervous systems as complex systems, learning, memory, 
synaptic plasticity, and neuro-degenerative diseases. Neuroscience is based on the foundation 
of Cajal’s neuron and synapse doctrine, Crick and Watson’s molecular and cellular 
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biochemistry of genes, and neurophysiological studies are collecting, processing and 
analysing Hogdon and Huxley’s action potentials, electrical signals. Behavioural studies are 
done at the systemic level, investigating the animal as a whole, or at the meta-system level, 
such as investigating the activities of an animal colony. New and improved tools can help 
researchers advance Neuroscience. LoCs are emerging tools for molecular cell biologists and 
neuroscientists 11. LoCs, as miniaturized chemical analysis systems were introduced to 
biomedical researchers 15.  Researchers have also developed LoCs that contain micro-
structures and incorporated devices to direct and detect chemical reactions in microfluidics16. 
Others have investigated the state of LoCs and potential integration with microelectronics for 
molecular/cellular investigations17, 18. LoCs can be combined with other technologies: sensors 
can be embedded, electrodes can be integrated, interfaced to electronics and mechanical and 
hydraulic pumps external to the LoC.  
If a design framework exists, that can integrate modular LoC features into a single LoC 
platform as required and during its design process before fabrication, it will be a useful LoC 
research tool. Each LoC feature can be modularized into a partial LoC and used as a 
component that can be cascaded and stacked together. In combing modules thusly, multiple 
tasks in modules can be combined to automate them. For example, Chefer et al. (2009) 
designed a micro-dialysis device that can be used to extract chemicals from animal brains 19. 
Accordingly, the novel in-vivo microdialysis devices can be developed to be inserted into 
brain to extract molecules from nerve cells under stimulation, and secreted fluid sample can 
be pumped into a high pressure liquid chromatography (HPLC) or nuclear magnetic 
resonance (NMR) spectrometer, to cover genomic, connectomic, proteomic, peptidomic, 
cellomic and electrophysiological analysis. Investigators who regularly work with protocols 
dealing with body fluids and organs will find LoCs useful.  
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One of the barriers to adoption of LoCs is that researchers who need specialized LoCs find it 
hard to design these themselves. An LoC design framework will need to be developed to 
enable researchers themselves to independently design application-specific LoCs. Moreover, 
the design technology should facilitate incorporating biosensors into microfluidic platforms 
so that LoCs can be used at all levels of Neuroscience investigations.  
Not only they are used to investigate micrometre sized molecules, LoCs can be used to study 
the animal as a whole such as Zebra fish-embryo-on-chip or C. elegan worm-on-a-chip LoCs 
11, 20. Embryonic and adult worms are integrated into LoCs for developmental neurobiological 
studies  21, 22. Such a LoC can be used to investigate learning related behaviours of worms by 
allowing them to explore the on-chip maze embedded inside the LoC 20 . Besides the  
associative memories of worms, the impact of ecology and environment on the evolution of 
worms can be investigated by adding predator fungus that preys on worms into the LoC 23. It 
is possible to fabricate LoCs with microfluidic channels and microstructures in fluidic path 
creating mini-environments. Microstructures such as micro-mazes can be used for studying 
the evolutionary progress of predator fungus and their prey worms. Such a worm culture LoC 
can be a useful research tool for developmental and evolutionary neurobiological studies. 
LoCs can be useful for studying neurons at the lowest levels, such as culturing stem-cells 24. 
LoCs can be used as platforms for cells reprogramming. With advances in biochemical 
techniques, differentiated cells can be reprogrammed back to regain their pluripotencies. For 
example, skin cells can be procured and treated with a set of chemicals to turn them back into 
pluripotent stem-cells 25.  
Cell-culturing LoCs can be useful outside laboratories, cell-culture LoCs with MEAs and 
control circuits will be useful for other applications. Pancrazio and team devised a portable 
microelectrode array-based recording system that incorporated cultured neuronal networks 
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for neurotoxin detection 26. MEA-LoCs can be used in rat-brained robots. Cells can be 
cultured in microfluidic channels and chambers. Cell-culture LoCs can be used in 
neuroscience investigations and other applications. Cell-culture LoC can be combined with 
PCR to create point-of-care pathogen detection LoCs. 
Neurons can be first cultured and the action potentials from neuronal networks can be 
sampled, conditioned, sorted, screened and saved for further analysis by microelectronics 
circuit and online and optionally real-time data acquisition systems. Later, the cultured 
neurons can be released into the next module where the separation of dead cells from living 
cells by means of EM field generated via the interlacing electrodes. Next, the flow can be 
redirected for analysis into the spectroscope module where the chemical composition can be 
analysed. Spectrometry is one of the useful technologies for proteomics; Proteomics is the 
discipline of studying proteins, their composition, structure and functions 27. 
It is also feasible to cascade stages to automate tasks on LoCs. For example, output from a 
dielectrophoresis module can be driven into a CMOS IC module for genomic analysis 28. Cell 
separation chips can be used as sieves to screen molecules of different dimensions for further 
analysis at other constituent modules on the same LoC. After chemical, electrophysiological 
properties of cells are analysed, the flow can be finally routed to the waste reservoir so that 
the medium used up in culturing cells can be suctioned out via the waste reservoir. 
 
1.4. Micro Blood Brain Barrier 
 
In addition to their applications as biochemical analysing platforms for biochemists, LoCs 
can be used as investigative tools for biologists. Neuron culture LoCs with electrode fitted 
microstructures can be useful as organ models for the investigation of neurodegenerative 
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diseases or for testing drugs. For example, in the case of Fragile X, a hereditary 
neurodegenerative disease, treatment is not available due to the unique CNS structure known 
as blood-brain barrier (BBB). BBB blocks blood-borne chemical compounds from reaching 
neuronal cells inside brain tissues via capillaries. Because the BBB can block all polar or 
molecules bigger than 500 Da, a new drug treatment for the CNS of higher molecular weight 
cannot reach brains 29.  
The brains of Fragile X patients are populated with neurons that cannot transcribe and 
translate proteins. Although protein molecules can be synthesized, one problem in treating 
patients with synthetic Fragile X protein molecules is the blood brain barrier (BBB). 
Therefore, microfluidic models of BBB were designed to investigate means to effective 
treatment of Fragile X patients. However, BBB models with physiologically accurate 
properties are yet to be modelled on LoCs and more flexible in-vitro models for emulating 
brains of Fragile X patients. It would be therefore useful to design a physiologically close 
model; an LoC that has embedded microstructures and networks of channels with electrodes 
for validating electrical behaviors mimicking a real BBB that. Similarly other organ-on-a-
chip LoCs, μBBB LoCs, lung-on-a-chip LoCs, Neuroscience LoCs, neuron-network LoCs 
and proto-brain-on-connected-dishes are have clear investigational attractiveness 30.  
Different microfluidic components, configurability of microstructures and the arrangement of 
networks of microchannels will be needed for different applications as no two applications 
will have similar microfluidic channels and channel configurations. A Polymerase Chain 
Reaction (PCR) LoC will need one type of microfluidic channels, configurations and 
components; cell culturing LoCs will need another. Therefore, in constructing a 
physiologically correct model, an analogue of tissue, such as the blood brain barrier, will 
need flexibility in design. A realistic model of a BBB in microfluidics can be created by 
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means of integrating microelectrode arrays (MEAs) to a neuron culturing and co-culturing 
microfluidic chip, with microstructures emulating the BBB and flow regulating components. 
Therefore, if a LoC design framework that can enable researchers to design LoCs with many 
different combinations of fluidic channels, configurations and components, these can be 
useful for Fragile X researchers. 
 
1.5. Motivation 
Not only as a flexible framework for designing and fabricating a model BBB for Fragile X, 
LoCs can be used at different levels and different areas of Neuroscience. Despite LoCs’ 
potential usefulness to neuroscientific investigations, there are challenges in their 
development. One challenge is that Neuroscience investigators need to know how to design 
LoCs, including materials and methods for their fabrication. A robotics researcher who wants 
to use MEA-LoCs for culturing neurons, so that cultured neuronal networks will drive robots, 
will have to start from scratch from designing MEA-LoCs.  
LoC design techniques need improvements, including new features and the delivery of values 
which traditional bench-top instrumentations cannot offer. LoCs must be able to condition, 
culture, clean and increase the concentration of cells and substances; to separate, sort, screen, 
suspend and analyse neurons and DNA fragments from the nucleii of neurons, 
neurotransmitter and neuromodulator molecules, and other proteins. Some of these tasks 
could be integrated so that they run in cascaded stages, in serial or in parallel, and with 
possibilities for automation.  
Ideally, LoC designs should be reusable, scalable and flexible. The design framework must 
accommodate changes in a rapid and adaptable manner. However, the current science of 
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designing LoCs is focused on miniaturisation and one single LoC prototype designed for a 
single application by a single one team, the significant shortcoming being that LoC features 
designed for one team cannot be integrated into another LoC. For example, by using more 
than one LoC, fluid processing operations of LoCs cannot be cascaded. There are in addition 
further constraints to researchers reusing and modifying existing designs. There is a need for 
an on-chip PCR operation for cell culturing, because if molecules or cells are to be screened 
and their concentrations increased using micro-pillars, it is not possible to reuse existing 
designs to create a new LoC and so Neuroscience researchers have to start their designs from 
scratch. 
Also, the current state of art and science of designing LoC is not much different from the task 
of crafting prototypes. That means, manufacturing or ability to reuse designs is challenging, if 
not impossible. For designing LoCs, K. Soe et al. discussed that researchers should copy 
practices from the System Engineering community and System Engineering Body of 
Knowledge 31.   
By modularising features and standardising the interface between modules, a module can be 
designed to represent a function or a feature of an LoC. By designing facilities for inter-
module connections, integration, configuring and reconfiguring makes reusing existing 
solutions feasible. Having a design framework that facilitates designing-by-configuration will 
make LoC designs flexible, reusable and scalable.  
It is probable that, similar to system engineering, object-oriented design (OOD) techniques 
can be practiced by LoC designers. LoC designers can emulate software engineers. One such 
OOD principle that can be practiced is the “Single Responsibility” principle, by designing a 
LoC part that can carry out a single responsibility and nothing else. Another principle that can 
be practiced is “Open/Closed”, a design entity that can be extended without having the 
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necessity to modify its detail implementation. Similarly, “Liskov substitution principle” can 
be practiced, by which a part can be substituted with the parts of similar types. Finally, 
another principle useful in LoC design is “Interface segregation and Dependency inversion”, 
which demands reducing the couplings between parts to minimise and standardise them. 
Those principles will make it possible for LoC designs to be modularized and standardized. 
Moreover, a design framework should make sharing among researchers easy and should 
assist researchers who want to make microfluidic chips without requiring CFD skills, CAD 
drafting and drawing skills to be able to design new LoCs by simply configuring modules as 
do application programmers, who can use API calls without needing to know how the API 
works. In other words, an application programmer only needs to know what a software 
module can do, not how it does it. A user interface designer or business logic application 
developer does not need to know system-level internals. In these respects, skilled 
microfluidics system designers and fabricators can be decoupled from users. So similarly to 
users of a word processors, who do not need to have any knowledge of software design, 
development and deployment, neuroscience researchers, Fragile X investigators, neural 
engineers and petroleum engineers should be able to design LoCs to suit their investigation 
needs. 
The software industry has matured. Current large-scale software development practices 
provide users with customized applications and different levels of abstractions. An 
application developer who designs programs in higher level languages does not need to know 
the system level application, such as Python interpreter program, which is developed in 
C/C++. A Matlab Simulink model developer does not need to know how ANSI-C code is 
interfaced to the low-level drivers by hand-coded glue-logic. Another lever down, a system-
level developer who designs and develops programs in C/C++ does not need to know details 
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of how compiler is designed that will convert C++ into object code. At the next-level, the 
system-level software engineer who develops bootloader who develops applications in lowest 
level languages, such as Assembly language, which will be converted to machine code by 
Assembler. Assembler designer does not need to know how a System-on-a-Chip platform on 
which machine code runs, is developed in hardware description language like VHDL. 
Similarly, a VHDL designer does not need to know how a FPGA is implemented. Generally 
speaking, layered abstractions and standardized interfaces are made by specialists in different 
teams to build complex systems. The complexity is managed by breaking down the tasks into 
components and modules so that an application designer does not need to know how logic 
gates and analog transistor operate, how they are designed or fabricated. Complexity is 
contained by compartmentalisation.  
For example, an application developed in high-abstraction languages, such as C/C++ source 
code base, will be configured, cross-compiled and linked to run on a microprocessor. At the 
core of a microprocessor are arithmetic logic units, address decoders, memory controller, etc. 
All digital circuits are made up of logic gates deployed in transistor circuits in Silicon. If 
there are comprehensive, complete requirement specifications and well defined interfaces, the 
implementation at lower levels can be achieved by LoC designers leaving high-level 
applications to be customized by Neuroscientists. One benefit of partitioning tasks by 
layering is that the microfluidics engineer can design low-level modules while the application 
level users with domain knowledge can create application- specific LoCs based on those low-
level modules. 
LoC researchers and practitioners have expressed concerns that there is a great divide 
between manufacturing expertise, large-scale manufacturability of LoCs and research of LoC. 
That chasm makes it difficult to move LoCs beyond the prototyping stage to the 
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manufacturing stage. Microfluidics researchers have agreed that it is challenging to 
collaborate among themselves. In 2009, Blow discussed one possible approach for designing 
better LoCs by facilitating researcher collaboration, to help them developing microfluidic 
technologies 32. Similarly, a year later, Whitesides discussed solutions, such as designing an 
LoC that can perform a focused and self-sustained function 33. 
The domain knowledge, molecular biochemistry methods and solutions, are based on 
complex techniques and processes. LoCs encapsulate those tasks and this makes LoCs more 
complex. Akin to complex hardware and software development, designing LoCs needs clear 
separation of tasks between designers and users. System engineering practices of 
standardisation, modularisation and application-level integration are necessary and in 
addition system engineering concepts can be useful for LoC design. 
Different domains of LoC applications need diverse dimensions, configurations of 
microfluidic channels, arrangements of microstructures, types of actuators and sensors to be 
embedded into LoCs, electronics and mechanical systems. The research question then is to 
design an LoC design framework that can allow researchers to design LoCs for all application 
domains. If that design framework can be used by researchers to design LoCs, fabricate LoCs 
based on those designs and construct LoCs by bonding to substrates, it will be useful for LoC 
research community. 
 
1.6. Thesis Lay-out 
In this thesis, the existing design technologies for LoCs, and the previous attempts in 
neuroscience and other types of LoCs, will be reviewed. In addition, components and 
subsystems relevant to the construction of LoCs will be discussed. The design methodology 
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which inhibits the LoC designers from moving from miniaturisation to modularisation will be 
presented. Also, benefits delivered from this work will be highlighted. Finally, feasible future 
opportunities to extend this research will be foreshadowed.   
In Chapter 1, after introducing the usefulness of LoCs in different research fields – in general 
and Neuro science in particular – the need for a design framework that advances from 
miniaturising to modularising was proposed. Next, in Chapter 2, fundamentals of 
microfluidics will be introduced, including ways by which microfluidic platforms can be 
constructed and with what types of materials, will be discussed.  In addition to the 
construction of microfluidic platforms, the operational methods to use LoCs after they are 
fabricated will be discussed. Chapter 3 is a detail discussion of the microfluidic platforms 
used in neuroscience, and the peripheral and complimentary systems needed to make a 
microfluidic platform into a lab-on-a-chip device. Chapter 4 shows how the gap of 
knowledge is filled by developing Software Based Modular Microfluidic Design Framework 
(SoftMAB) and how it can be used to fabricate a neuronal cell-culture platform with 
microperfusion chambers, and how variants of microperfusion chambers can be designed by 
simply swapping a SoftMAB module. There are further discussions of means by which to 
fabricate fluidic features that are essential for microfluidic platforms and how a cell-culture 
platform can be used to fabricate an microelectrode array fitted cell-culture platform that can 
be used as a tool neuro-electrophysiological studies. Explanations will also be offered for 
ways in which polymerase-chain-reaction (PCR) LoC can be designed using SoftMAB. How 
the original PCR-LoC can be reused and improved, and how the original microfluidic channel 
design can be numerically validated and design can be improved and how the design can be 
validated using simple mathematical models is discussed in the same chapter. Chapter 5 
contains analysis of the results. It shows how the use of SoftMAB framework can useful to 
researchers as designers of LoCs, without bypassing the need for having in-depth and diverse 
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skills to do so. Finally, Chapter 6 contains the conclusions and suggestions for the extension 
of the SoftMAB LoC design framework research discussed in this thesis. 
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Chapter 2 Microfluidic Materials and Methods 
The foundation technologies of LoC are microfluidics, electronics and materials. In 
developing an LoC design framework, new opportunities and persistent challenges faced by 
the LoC researchers are posed by fabrication materials and methods those can be used for 
prototyping and mass manufacturing LoCs.  
2.1. Fundamentals of Microfluidics 
The essential part of an LoC is its microfluidic platform. Microfluidics, the backbone 
technology and the foundation science of LoCs, are based on the laminar flow regime in 
miniaturized micrometer-scale environments. There are two fluid flow regimes: laminar flow 
and turbulent flow. The fluid flow is measured in Reynolds Numbers.  
The Reynold Number is a dimensionless unit, being the ratio between Newtonian inertial 
forces and viscous forces, dependent upon fluidic properties, such as μ and ρ and geometric 
properties of the microfluidic network, such as the length L. Generally speaking, high 
Reynold Numbers imply that the flow is less laminar; low Numbers imply that the flow is 
less turbulent. Reynolds numbers (Re) for water, cell culture medium, flowing inside 
microfluidic channels at specific temperatures can be modelled and estimated as follows:  
 
 ܴ௘ ൌ ሺ௜௡௘௥௧௜௔ ௙௢௥௖௘ሻሺ௩௜௦௖௢௨௦ ௙௢௥௖௘ሻ ൌ
ఘ௏஽
ఎ ൎ
ఘ௎஽ಹ
ఎ    (1)                           
  
Where ߟ is the viscosity of fluid, ݌ is the fluid density, U is the mean velocity, D is the length 
and DH is the hydraulic diameter of the channel. DH is dependent on the cross sectional 
geometry of microfluidic channel 34. For a channel with circular cross section, DH can be 
simplified as below: 
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ܦு ൎ 2ܴ;  ܷ ൌ ொగோమ      (2) 
 
However, for a square channel, DH and U can be taken as follows: 
 
ܦு ൌ ݓ;  ܷ ൌ ொ௪మ                                                           (3) 
 
So the unknown is Q, assuming that the channels are straight and long, the total volumetric 
flow rate Q can be estimated by simplifying Hagan-Poiseuille equation as follows: 
 
ܳ ൌ గோమ଼஗
∆௣
௅       (4) 
 
In an in-vitro cell-culturing environment, for primary cells to survive, they have to adhere to 
walls of surrounding microstructures or attach to floor of microfluidic channels in the culture 
chamber: the flask, dish or the glass substrate with patterned micro-wells and microelectrodes 
in the proposed device. Dead cells lose adhesion and float in the culture medium. Turbulent 
flow will apply shearing forces on cells and they can be fatal for cells 35. On the other hand, 
low-Reynolds numbered laminar flow across proprietary microfluidic chamber can create 
stable cell environments and improves survival rates and health of cultured cells in-vitro. 
Therefore, microfluidic environment can facilitate a good cell culture environment.  
As with electricity, fluid flows along paths of least resistance, from high to low fluid 
pressure. Therefore, the laws governing the electrical circuits can be used to model fluid 
flows. The hydraulic resistance that go against the flow ܴுሾܲܽ ݏଷ݉ିଵሿ can be mathematically 
expressed as: 
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ܴு ൌ ଼ఎ௅గோర ൎ
଼ఎ௅
గ௥ಹర     (5) 
 
Meanwhile, after generalising Hagen-Poiseuille’s equation, the relationship between pressure 
differential at the entry and the end of the fluidic channel and the volumetric flow rate Q is: 
∆݌ ൌ ܴܳு      (6) 
 
Its parallel in the electrical engineering is the Ohm’s law, the electrical current flow across 
voltage differential. Meanwhile, RH can be also computed simply as follows: 
ܴு ൌ ܥ௚௘௣௠௘௧௥௬ߟ ௅஺మ     (7) 
 
Where Cgeometry = 8π for a circular channel. 
In a rectangular microfluidic channel, fluid flows along the channel do not have same 
velocity profile 36. Velocity is not evenly distributed across the cross sectional area of the 
channel. The velocity is highest at the middle of the channel compared to the boundaries of 
the channels and axial velocities have Gaussian distribution. Since microfluidic channels will 
have different cross sectional geometries, the velocity profiles in two commonly encountered 
cross sections can be simplified into following equations 36. For the channel with circular 
cross-section of radius a:  
ݒ௫ሺy, zሻ ൌ  ∆௣ସ௡௅ ሺܽଶ െ  ݕଶ െ  ݖଶሻ   (8) 
 
On the other hand, for the rectangular cross-section and 0 < z < h, 
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ݒ௫ሺy, zሻ ൌ  ସ௛
మ   ∆௣
గయ௡௅ ∑
ଵ
௡య
ఈ௡ ௢ௗௗ  ቈ1 െ
ୡ୭ୱ୦ቀ௡గ೤೓ቁ
ୡ୭ୱ୦ቀ௡గ ೢమ೓ቁ
቉ sin ቀ݊ߨ ௭௛ቁ   (9) 
 
In biological cell culturing, perfusion is done by storing the cell culture media and perfusing 
chemicals in the reservoirs and the programmable syringe pump is creates the pressure 
differential, creating flow. The flow rate, the viscosity of the fluid and the geometries of 
channels dictate the amount of shear stresses that the cells will experience. Too much shear 
stress can be fatal for the cells in culture. Shear stress can be estimated by the following 
equation: 
 
߬௪ ൎ ௛ଶ
∆௣
௅ ൌ
଺ఎொ
௪௛మ     (10) 
 
2.2. Microfluidics Fabrication 
While the Silicon is still the most popular material for fabricating LoCs, conducting polymers 
have emerged as a low-cost, yet flexible and reliable alternative material for the fabrication of 
LoCs. Polymers, such as PDMS, Teflon, PMMA and PC, are becoming accepted materials 
for fabricating microstructures, such as microgrooves and microchannels in LoC, and they are 
proven materials for cell viability. Similarly, photoetchable Foturan glass can be used for 
fabricating LoCs with non-planar microfluidic channels. A UV beam is used to fabricate 
microstructures on the slide of a Foturan glass by photoetching technique 37. 
Photolithographic prototyping can be without mask by means of DMD 38. Polymer materials 
such as thermo-responsive hydrogels are used for fabricating on-chip micro-actuators and 
micro-valves integrated to LoCs 39. Thermo-responsiveness will facilitate hydrogel-based 
microstructures to function as microactuators, enabling a direct focused laser beam to expand 
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its volume. Hydrogel polymers can be used as cell supporting matrix to create 3D cell-culture 
systems by encapsulating the cultured cells 40. 
Electrodes and microelectrodes are also essential parts of microfluidic platforms. Electrodes 
are used for tasks such as di-electrophoresis, while microelectrode arrays function in the 
chain of electrophysiological recording as the convertors from electrons to ions, to stimulate 
neurons and to record signals coming back from cells. Electrodes are fabricated in different 
conductive materials: ITO, Silver and CP. The electrodes will interface electronics via low-
resistance wires such as Gold or Silver. The complementary metal oxide semiconductors 
(CMOS) technology is used for fabricating microelectronic components embedded inside 
LoCs or connected externally. 
In addition to fabricating microstructures and microelectrode arrays, insulating electrodes and 
electronics can be implemented by coating with Parylene and PDMS. Gold, Silver and ITO 
are conductive materials for fabricating on-chip heater and sensor tracks.  
Temperature sensors can be fabricated in parallel track to heater tracks so that sensors can be 
used to read temperature to and regulate heat. Not only channels and structures, but 
conductive polymers (CP) can also be used for fabricating electrodes and on-chip electrical 
circuits.  
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2.3. Materials for Lab-On-a-Chip 
PDMS, Cyclic-olefin Copolymer (CoC), PMMA, PC, and Silicon can be used for fabricating 
LoCs using different methods. Commonly employed and important fabrication materials will 
be discussed in the subsequent sections. 
2.3.1. Silicon and Glass 
The earliest LoCs were fabricated in Silicon, one of well understood materials and from 
which LoC scientists have benefited. Although microfabrication in Silicon is still used and 
Silicon-based LoC deliver desired results, there are constraints imposed by Silicon, such as 
optical non-transparency, frangibility, poor electrical insulation and high expenditure. In 
recent years, advances in organic chemistry and microfabrication equipment led to emergence 
of alternative fabrication materials. Fabricating polymer LoCs has become more popular. 
Compared to Silicon, conductive polymers offer advantages in fabricating LoCs. Some 
polymers that can be used in fabrication are transparent. Different polymers with specific 
properties are available and the cost can also be significantly lowered. 
Similar to Silicon, Glass is the earliest fabrication material for LoCs. Glass is a difficult 
material in which to fabricate LoCs, but a useful material due to its inertness and 
transmutability of wavelengths in visible, UV and IR regions. Therefore, the earliest 
microfluidic devices were made from Glass. Glass was a popular fabrication material like 
Silicon 41. However, fabricating LoCs in glass requires expensive facilities, hazardous 
chemicals and lengthy processing time intervals, and it is difficult to fabricate high-aspect-
ratio features and 3D structures in glass. 
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2.3.2. Negative photo-resist 
Even in the Silicon based microfabrication, the photoresists are used for pattern transferring 
purpose only, and need to be removed from the substrate. It is primarily used as an 
intermediate stage material. In the last decades, progress has been made in MEMS 
investigations to fabricate the non-Silicon microstructures and microfluidic devices as 
demanded by applications. The lithography of ultra-thick photoresists has attracted attention 
of many researchers. Among the thick photoresists that have been used, two most popular 
photoresists are SU-8 and polymethyl-methacrylate (PMMA). 
There are two types of photoresists. SU-8 is a negative photo-resist. In the photolithographic 
fabrication of reverse masters, the SU-8 polymer is the negative photoresist coating used in 
the process. SU-8 is an epoxy-based polymer, a near-UV photoresist. It can be spin coated 
and lithographed to fabricate tiny structures of thickness up to 2mm with aspect ratios of up 
to 25 by a standard UV-lithography process. Cross-linked SU-8 has Young’s modulus of 4.4 
Gpa and the Poisson ratio of 0.22. The cured SU-8 polymer is transparent across a broad 
range of wavelengths. These properties make SU-8 polymer suitable for various applications.  
SU-8 can even be fabricated into micro-lens. Yang and Wang devised out-of-plane micro-
lens array made from SU-8 polymer using a direct UV lithography technique 42. Moreover, a 
cured SU-8 surface can be selectively metalised 43. Their work has broadened the application 
scope of SU-8 polymers. An SU-8 comb drive actuator based on this selective metallisation 
technology is investigated by them. A SU-8 photoresist is an important fabrication material 
for constructing LoCs with high-resolution micro-structures. 
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2.3.3. Polydimethylsiloxane 
Polydimethylsiloxane (PDMS) is a low-cost material that can be used to fabricate LoCs by 
the Soft-lithography, which is one of the least resource demanding fabricating methods. The 
optical transmission property of PDMS is down to a wavelength of 280nm. PDMS is the 
material of choice for fabricating polymer LoCs. Simplicity of Soft-lithography protocol, 
introduced by Whitesides and colleagues, has prompted PDMS to become one of the most 
popular fabrication materials 44.  
Moreover, the mechanical, thermal, optical and electrical properties of PDMS are well 
studied and characterized. The optical transmissibility of PDMS makes it a good candidate 
for LoCs to be used with optical microscopes in visible wavelength regions. The optical 
transparency of PDMS is used for many applications those needing light transparency 45. De 
Silva et al. (2004) studied in-vitro cultured cell adhesion phenomena 46. Also, the  corrosion 
resistance properties of PDMS is characterized 47. The elastomeric property of PDMS that 
can make stretchable chips for molecular particle separation is also investigated and exploited 
48. 
PDMS is one of the most suitable fabricating materials for cell-and-tissue-culture-LoCs. 
PDMS is permeable to CO2 and O2 gases 49, therefore gas exchange between atmosphere 
around the chip and culture medium in cell-culture chambers. PDMS does not allow water 
molecules in gaseous state to enter the chip, so preventing the contamination of the cell 
culture by microbes and fungus. This property makes PDMS an appropriate LoC fabrication 
material. The volume ratio of resin to curing agent can be varied: from eight is to one, to 
twenty is to one. The different ratios will lead to different rigidities of the fabricated LoC. 
Similarly, PDMS casting protocols exhibit different curing periods and treatment 
temperatures for different reverse masters for diverse resolutions.  
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PDMS is not without its limitations as a fabrication material 50. A year earlier, Whitesides 
warned that for PDMS to become a cell biologists’ tool of choice, technical issues such as 
swelling and dissolving in organic solvents, such as culture medium, must be resolved 51. 
However, a few years later, Friend and Yeo assessed PDMS and concluded that PDMS can 
be adequately  and safely used in most cell-culture and life science applications 52. Recently, 
Halldorsson and colleagues have discussed the advantages and the challenges of cell-culture 
LoCs fabricated in PDMS 53. In general, PDMS is not only accessible, affordable and 
sufficient to the task, but it has room for expansion. Therefore, the proposed LoC design 
framework must be compatible with PDMS and Soft-lithography.  
Some characters of PDMS that are not cell-culture friendly can be easily treated. For 
example, untreated PDMS is hydrophobic in nature. For cell culturing applications, for 
making it hydrophilic, after fabricating, it must be treated with the Oxygen plasma ionisation 
or annealed with chemicals such as sol-gel 54 or treated with undecylenic acid 55. Those 
treatments must be done to microfluidic channels to modify the surface energy of the floors 
and walls of PDMS microfluidic channels making them hydrophilic. Depending on the 
frequency of electromagnetic energy and pressure applied to a gas, a different kind of plasma 
can be used. If a new material besides PDMS is used, an ATR spectra measurement will be 
needed to determine the effect of oxygen-plasma on the polymer material. The unprocessed 
surface of PDMS is hydrophobic and hydrophobicity will make cell culture medium flow in 
microfluidic channels in electro-osomotic flow (EOF) manner.  
An interesting and useful attribute of transparent materials like PDMS, is that a LoC 
fabricated in PDMS can be used for culturing cells and studying cultured cells’ response to 
light stimuli. Colicos and team used Silicon-Neuron interfaces for investigating 
morphological formation of different new synaptic connections in response to different 
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specific laser illumination stimulation patterns applied 56. Those morphological factors 
influence growth, migration and spikes of neurons and formation of networks of neurons. 
Using MEA glass slide integrated as the substrate to PDMS cell-culture LoC, it is possible as 
the substitute research platform for similar studies. 
PDMS as the fabrication material offers flexibility in fabricating cell-culture platforms. Using 
Soft-lithography, a reverse master with protruding patterns is used to cast LoCs from Silicone 
resin. The resin is poured into the container in which the reverse master is suspended. The 
container is then put in the oven to cure the resin. Then cured PDMS slab can be peeled from 
mold. PDMS is not only flexible but transparent, making it suitable for observing cells under 
a microscope and so leading to more innovative investigations. At Potter’s laboratory, 
neurons are stimulated by beaming them with a moving the laser beam of 2-photon femto-
second under a laser scanning light microscope. The laser beam increases photo-conductivity 
of neurons under the laser beam 57. 
The digital micro mirror devices (DMD) and digital light processing (DLP) technology can 
be useful for transmitting light signals to the target cells on LoC. There are several hundred 
thousand microscopic mirror arrays, each of them individually addressable, arranged on a 
DMD MEMS chip. For every pixel of the image that is to be displayed, the state of the 
corresponding micro-mirror is changed digitally. It is feasible to use DMD-DLP technology 
and manipulated light to beam focused light onto specific neurons to stimulate them. 
However, one of the limitations of utilising DMD is that its field of view will be dependent 
on the focal length of the collimator lens to the LoC.  
Melin and Quake discussed the basic rules for designing PDMS-based microfluidic LoCs. 
For example, in prototyping a LoC with PDMS, ratio of resin to curing agent can be adjusted 
to change the rigidity of PDMS. The ratio of polymer to hardener can be modified to suit 
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LoC’s intended application 58. Not only as the fabrication material, PDMS can be used as the 
coating material for spin casting thin layer on reverse masters for LoCs and electrodes. 
PDMS polymer can prevent moisture forming inside LoC by preventing water molecules 
from getting into the LoC. Humidity can lead to contamination such as fungal growth and 
bacterial infections on cultured cells. Oxygen and Carbon Dioxide molecules have stronger 
chemical bonds than water molecules. Weaker chemical bonds lead to greater molecular 
dimensions. At the molecule level, Oxygen and Carbon Dioxide molecules are smaller in 
diameter compared to the water molecules and PDMS material can pass the former while 
resisting the latter. This property of PDMS implies that an MEA-LoC made of PDMS can be 
less susceptible to contamination from moisture. Cell-culture LoCs can be self-contained, so 
that they can be used as in-vitro environments to culture cells without big bench-top cell 
culture chambers.  
PDMS can also enable LoCs to have embedded electrical circuits. Kang et al. (2008) 
discussed the feasibility of embedding electronic circuits and conducts into PDMS by 
printing circuits and components onto a substrate, then creating a negative or reverse image 
using Soft-lithography, to pour onto the substrate, before curing it in oven. After curing 
elastomeric polymer slab, when PDMS block will be peeled off, electrodes and electronic 
circuits will come off with PDMS polymer slab since the surface energy of electronics 
components to adhere to the substrate is lower than the surface energy to the PDMS. In doing 
so, electrodes those were deposited onto glass will be released from the glass and embedded 
onto the LoC. In that work, the single walled CNTs (swCNTs) were used to create electrical 
conducts those connect Platinum, and Silver micro-blocks deposited onto the substrate, the 
alignment of swCNTs was done by fabricating sacrificial structures created with 
photolithography 59. 
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One of the interesting properties of PDMS is its ability to transmit light rays of wavelengths 
in ultraviolet (UV) regions, near-UV, visible spectrum, near-infrared (IR) and IR regions 60. 
A few years earlier, DeGroot and colleagues discussed the UV transmission properties of 
PDMS. Light transmission through transparent polymers like PDMS is limited by electronic 
transitions in wavelengths at UV and visible regions and vibrational absorptions of molecular 
bonds in near-IR and IR regions. Each polymer-based LoC with different fabrication material 
and treatment processes may inflict different losses of the incidental light. However, when 
exposed to high intensity light, polymer-LoCs can be degraded, heat will be generated and 
organic polymer compounds will turn into yellowish colour 61. While focused UV rays are 
useful for sterilising the LoC and intervening in case of contamination, electromagnetic rays 
in IR spectrums can be used for heating up the fluid inside the LoC 62. 
 
2.3.4. Other Polymers 
 
Polymethyl methacrylate (PMMA), given its transparency, can be used as the positive tone 
photoresist in X-ray lithography and e-beam lithography processes. In X-ray lithography 
process, soft X-rays shines on a PMMA sheet through a special mask, the exposed PMMA 
material can be removed with the solvent and the unexposed areas will persist. The benefit of 
PMMA and X-ray lithography is that X-rays can be focused for deep penetration. Since X-
rays have low diffraction limits, microstructures with very high-aspect ratios and with fine 
lateral resolution can be fabricated. X-ray refractive lenses made of PMMA were also 
reported. In addition to its usage as a mask, PMMA can be used for fabricating LoCs by 
using direct laser ablating using a non-research grade, commercially available laser scriber 63. 
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Cyclic-olefin Copolymer (CoC) polymer is a popular fabrication material for various 
applications, including packaging films, Hi-Res CDROMs, lenses and medical devices. It can 
be used to fabricate microfluidic LoCs 64. CoC can also be used for the 3D printing of 
microfluidic device (Fluidic Factory, United States). CoC sheets can be hot embossed to 
make cell-culturing LoCs and one of the many benefits of CoC as LoC fabrication material is 
that CoC can transmit UV rays. Therefore, sterilisation of the internal content of a LoC can 
be done by mounting a UV radiation source to illuminate directly onto LoC to kill bacteria 
and mycoplasma, so as to allow LoCs made from CoCs to culture cells. 
PolyCarbonate (PC) is a polymer material which is more inert to chemical solvents than 
PDMS. Therefore, it can be useful for some LoC applications where PDMS are not suitable 
for the required LoC application, such as fabricating for applications including polymerase 
chain reaction platforms. However, fabricating LoCs using PC requires investment intensive 
high-pressure embossing machine tools, bench-top 3D milling machine (MDX-40A, Roland 
Corporation, United States) or similar micromachining tools (Microlution Inc., United 
States), effectively preventing PC from becoming a popular fabrication material, especially 
for research prototyping. However low-cost disposable LoCs are fabricated from PC 65. 
Poly Vinyl Alcohol (PVA) can be used for fabricating sophisticated LoCs with three 
dimensional polymer microstructures 66. PVA can be dissolved in water, but not in solvents, 
so they can be used as sacrificial material. After fabrication, the structure can be released by 
injecting water. In fabricating complex non-planer microstructures, sacrificial layers and 
sacrificial structures can be fabricated first, then used as the master to create the first layer of 
LoC in PDMS, commencing with soft-lithography. Next, another sacrificial structure can be 
bonded to the previously fabricated PDMS slab and the second phase of fabrication 
undertaken using soft-lithography. In doing so, multi-layered microfluidic platforms can be 
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fabricated. After the PDMS polymer is cured, PVA microstructures can be washed away with 
water or solvent so that the sacrificial layers and target microstructures will remain as void 
micro-chambers or empty volume spaces. 
 
2.3.5. New materials 
Conductive Polymers (CP) are represent important fabrication materials for fabricating 
protruding in-vivo electrodes and planar extracellular electrode arrays at the bottom of MEA 
dishes, for recording action potentials from in-vitro neurons. CPs are used for in-vivo neural 
electrodes for their reduced neural inflammability, flexibility and bio-compatibility. 
Following conductive polymer materials, the subjects of intensive investigations for their 
usefulness in biomedical applications are: Polypyrrole (Ppy), Poly aniline (PANI), PEDOT 
(EDOT) and polypropylene (PA–PP). PEPOT/PSS and PANI are materials of interest for 
fabricating electronics-to-neuron interface by both brain computer interface (BCI) engineers 
and Neuroscience-LoC researchers 67. 
The microelectrode arrays integrated slides can be the substrate of in-vitro cell-culture 
chambers. The CPs can be the fabrication materials of interest in in-vivo electrodes, as the 
applications of in-vivo electrodes are invasive in nature. Protruding in-vivo electrodes are 
inserted into brains of living animals. Therefore, inelastic electrodes can cause nerve 
inflammation. They may leave lesions and scars in brain tissue making recording and 
stimulating electrodes from devices such as Cochlear implants ineffective over time. On the 
other hands, flexible CP electrodes can solve the inflammation issue.  
Another motivating factor for the use of CPs as LoCs fabricating material is co-utilisating it 
with electro-actuated polymers, which can convert electrical energy to mechanical 
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movements. It is feasible therefore, to design cell-culture platforms without having any 
moving components, including solenoids and pumps inside the microfluidic platform, by just 
using transparent polymer chips fabricated with Soft-lithography and reservoirs created by 
punching the chip. However, on-chip valves are not an absolute necessary as fluid flow in 
channels can be mediated by an external programmable syringe pump without active on-chip 
components 68.  
Among the conductive polymers, PEDOT:PSS is one of the most exciting and suitable 
fabrication materials for making all-polymer LoCs. Its liquid-ink solubility makes it a 
printable CP, so it can be used to fabricate electrodes, coiled antenna tracks for integrating 
technologies such as di-electrophoresis and radio frequency identification (RFID) directly 
onto surfaces of LoCs made from polymer or substrates. Directing printing of PEDOT:PSS 
onto PET substrates was a subject of investigation 69. 
Nowadays, PEDOT in liquid form, already mixed with CNTs, can be procured from the 
commercial retail outlets. Samba, Herrmann and Zeck have presented the relative advantages 
of using PEDOT-CNT-fabricated electrodes over electrodes made from other materials 70. 
PEDOT-CNT electrodes do require less voltage to stimulate neurons compared to TiN 
electrodes. In addition, the stability of PEDOT-CNT electrodes can be attributed to the fact 
that less electrical charge will be transferred between the electrode and medium. 
In addition to traditional conductive polymers, there are other polymer materials that have 
caught the attention of LoC researchers. For example, Hydrogels are hydrophilic polymer 
networks that could be used as the extracellular matrix supporting cells in mimicking three 
dimensional cell-culture environments 71. Hydrogel microstructures can be fabricated inside 
cell-culture LoCs or hydrogels blocks can be loaded into a LoC exhibiting potential in cell 
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culturing applications. The Hydrogel can be fabricated to be electrically conductive and 
hydrogel microstructures can be used for electrical conducting. Hydrogels can be used for in-
situ fabricating micro-valves inside LoCs 65. Electrically conductive hydrogel polymers could 
be fabricated into on-chip actuators, such as micro-valves. Moreover, conductive hydrogel 
can be filled and cast into microfluidic channels to turn channels into electrical conducts, so 
that it is possible to send electrical signal for actuated microstructures. Morales et al. (2014) 
have used electrically conductive hydrogel polymer as the fabrication material for 
electrically-actuated structures in the design of soft-robotic structures. Therefore, proposed 
modular microfluidic structure design framework can be useful for soft-robotic applications 
72. 
One of the objectives in LoC design is the production of disposable or consumable 
microfluidic components, especially if they are to be used for detecting toxins and pathogens. 
Some researchers believe that polymer based microfluidics are more expensive than paper. 
Paper has emerged as an interesting and promising alternative fabrication material, as it can 
be used as substrate to print microstructures or microelectrodes using commercial inkjet 
printers. For example, PEDOT-PSS liquid ink mixed with carbon nanotubes (CNTs) can be 
used to fabricate microelectrodes by direct depositing on papers. The emerging pervasive 
consumer technology, such as smart phones, could make paper an attractive material for 
microfluidics as the computing element of PoCs. Disposable material such as paper can be 
used for fluidic platform for detecting Solmonella by improvisation with an ordinary smart 
phone 73. However, their work is targeted for droplet based microfluidics and therefore may 
not be relevant for continuous-flow microfluidics. 
However, LoCs made from affordable and flexible polymers such as PDMS utilising 
affordable methods such as 3D printing and soft-lithography are useful for fabricating 
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research prototypes of LoCs but still under investigation. Although PDMS is an accessible 
material, which can be used to construct LoCs using many fabrication methods, it is not 
resistant to chemical solvents or long term exposure to cell culture media or intense heat. 
There are LoC fabrication materials that are more resistant to chemical solvents, such as 
perfluoroalkoxy (Teflon PFA) and polytetrafluoroethylene (Teflon PTFE). Teflon materials 
such as PFA are optically transparent and they can be fabricated in resource-constrained 
laboratories without the use of hazardous chemicals. With the promise of Teflon as a 
fabrication material, investigations are being carried out to develop an accessible and 
affordable method for fabricating PFA chips combining soft-lithography and hot-embossing 
techniques 74. First, PDMS masters were fabricated by spin-coating a thin layer of PDMS, by 
missing resin to curing agent in a weight ratio of 5:1, about 500μm in thickness on SU-8 
templates on Silicon wafers. Later, PFA plates can be heat-pressed on PDMS masters by 
means of compressed air, using a compressor. 
Another type of polymer not directly used for fabricating LoCs but still useful for biomedical 
application is Parylene. Parylene allows the transmission of waves in the visible spectrum. 
Parylene is not porous and it can be coated onto electronics to prevent it from corroding and 
avoiding electrical short circuiting attributed to humidity. Parylene is an electrical isolator, 
repellent to water molecules and resistant to water diffusion. There are three types of 
Parylene: N, C, and D. Type ‘D’ Parylene can be used in MEMS and biomedical 
applications. The Parylene coating will prevent the moisture from corroding electronic 
circuits and component assemblies. However, biological cells such as neurons, cannot be 
cultured in a device coated with Parylene as it prevents cells from breathing as Parylene 
cannot pass Oxygen and Carbon Dioxide gases. Meng and Tai developed a method for 
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etching Parylene 75. Parylene in combination with PDMS can be used to fabricate 
microelectrodes for LoCs. 
Non-polymer metalloids with low melting temperature are alternatives to conductive 
polymers. Gallium is the Mercury-like liquid metal, but unlike Mercury, it does not pose 
health hazards to human and animals exposed to it. Gallium can be melted at 85º C (degrees 
Celsius), making it injectable to the microfluidic channels. Researchers have fabricated 
circuits in micro meter dimensions by micro-contact printing 76,  and filling Liquid-phase 
Gallium-Indium alloy using the PDMS-LoC with microfluidic channels as molds 77.  
 
2.4. Fabrication Methods 
There are many fabrication protocols for prototyping LoCs. A design framework should be 
used with many fabrication methods and these will be discussed in next sections. 
 
2.4.1. Photo-lithography 
Photo-lithography is one of the earliest and still one of the most popular methods for 
fabricating LoCs and reverse masters of LoCs to be used in other methods such as Soft-
lithography 78. The photolithography and etching method for fabricating mask and LoCs 
relies on the traditional photo developing method. The process involves using negative or 
positive photoresists. Photoresists are spin coated and they are exposed to high intensity UV-
wavelengths through masks. In Photo-lithography, there are mask and mask-less methods. 
Mask-less Photo-lithography can be achieved by methods whereby light is spatially 
modulated and light patterns can be manipulated at every pixel.  
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In Photo-lithography, before etching with chemicals, a UV resist can be used to spin coat 
chemicals and focused UV light can be beamed onto the photoresist. Cured parts can then be 
etched away, dissolved with chemical solutions. New technological devices, such as direct 
micro-mirror device (DMD), can be used in mask-less photolithography fabrication 
techniques 79. 
 
2.4.2. Soft-lithography 
In Soft-lithography, the reverse master will be designed and fabricated in such a way as to 
have protruding patterns on its surface. It can be the positive or negative image of a target 
LoC. If it were the positive image, a negative image based on it will be fabricated before that 
image is used to cast the replica of the master. Chromium can be the fabricating material for 
prototyping a reverse image 44. Similarly, Silicon, PMMA or a chemical coated PDMS can be 
made to bear the master image. One of the benefits of Soft-Lithography is that it can be used 
to fabricate LoCs with three dimensional microfluidics channels and to also form 
microstructures including channels and sub-macrostructures including cell-culture chambers. 
The standard protocol of Soft-lithography is a mixture of PDMS polymer resin added to a 
curing agent in 10:1 volume ratio. For different applications, the ratio can be altered. After 
the resin mixture is degassed, 80 it will be poured onto the reverse master fastened to the 
bottom of the container, after which the container is put in an oven. Once the resin is set, the 
polymer slab is released from the reverse master by carefully peeling off. 
The fabrication of low-aspect-ratio microstructures in PDMS based microfluidics is one of 
the most challenging tasks. Another technical challenge is to fabricate highest resolution 
microstructures in micrometer scale. If there is a need to fabricate microfluidic structures, 
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such as cell-culture chambers with low-aspect ratios, supporting microstructures can be added 
so that chamber ceilings will not collapse. The body masses of mammalian neurons are 
greater than 10μm, so PDMS-based soft-lithography will be an adequate material and method 
for fabricating neuronal cell culture LoCs. 
There are practical limitations in utilising the Soft-lithography technique. In Soft-lithography, 
the polymer slab is peeled off after casting to release it from the reverse master. The 
requirement to remove the slab in this way limits certain geometries of microstructures and 
usefulness of Soft-lithography to different applications. Casting structures with sharp edges 
presents fabrication challenges as removing the cured Silicone slab can damage them. 
Additionally, the Soft-lithography technique cannot be used to fabricate high-resolution 
structures, those finer than 15μm, because PDMS will be deformed in heat treatment during 
the curing process.  
One more shortcoming to using Soft-Lithography is that microfluidic channels will be 
distorted during Oxygen plasma treatment. LoC design techniques should allow the LoC to 
be fabricated using many fabrication methods and materials and construction of a LoC should 
not only be limited to a Soft-lithography protocol. 
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2.4.3. Micro-embossing 
Micro-embossing, also known as micro-transfer molding or hot-embossing, is the process by 
which the configuration of microfluidic channels is transferred onto the thermoplastic 
material. The polymer material is pressed with a heated barrel so that the material becomes 
soft and molten. By applying pressure and heat onto the polymer sheet, the shape is then 
transferred from metal press to the sheet 81.  
While mass manufacturing may need significant resources such as machinery and budget, the 
hot-embossing method can be used to transfer microscale patterns inexpensively. By using 
Soft-lithography, a PDMS reverse master can be produced first, after which it is still possible 
to use the PDMS reverse master polystyrene sheet as the receiver of the image transfer from 
PDMS mold, glass slides for holding PDMS and polystyrene slide together and oven baking. 
Such a method can be affordable, assessable and available even to resource constrained 
laboratories 82 for the production of disposable microfluidic platforms. 
 
2.4.4. Laser Ablating 
Focused short pulsed laser beams can also be used for fabricating LoCs. It is a subtractive 3D 
machining process, etching, drilling and ablating with a focused high-intensity pulsed laser 
beam that can machine away materials such as glass, polymers: PC, PMMA and PDMS to 
fabricate LoCs 83, 84. Laser beams can also be used to rapidly cure the polymer resin, 
fabricating 3D structure and as an additive machining process 85. The emerging technology of 
3D printers can be used to fabricate the replicas or reverse masters of LoCs or LoCs 
themselves. 3D UV photo-resistive printers such as B9 printer uses Digital DLP DMD device 
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and in which X, Y, and Z movements of focused UV laser beaming into the polymer resin 
will print 3D structure. 
Not only can laser beams be used to fabricate polymer structures by curing the resins or 
chipping away polymer or glass by ablating, they can also be used for embedding metal foils 
into the LoCs made from PDMS. By putting metal foil below a thin sheet of flexible polymer 
membrane which is put below PDMS slab and ablating it with the laser beam at the places 
where metal wants to be absorbed into polymer membrane, metallisation will occur at the 
places where the metal foil is heated through the transparent membrane. Metal absorbed in 
the polymer membrane will be eventually bonded onto the PDMS LoC 86. This protocol can 
be used to fabricate metal electrodes embedded into PDMS-LoC. 
 
2.5. Miscellaneous methods for Lab-on-a-Chips 
 
Not limited to those traditional methods there are additional methods those can be applied to 
prototype microfluidic platforms for Lab-on-a-Chip devices. 
2.5.1. Sacrificial layer micro-molding  
In sacrificial layer micro-molding method, water soluble polymers are used to create 
sacrificial microstructures. Functional structures are constructed on top of sacrificial layers. 
Later, those functional microstructures, such as micro-cantilevers, can be released by 
dissolving sacrificial structures by immersion the LoC in water 87. Sacrificial layer micro-
molding can be used to fabricate LoCs with multiple layers, which traditionally need 
fabrication of flow-layer and control-layer separately, and stacking, aligning and bonding 
them by using 3D additive printing or subtractive micromachining techniques and using 
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materials such as Poly Vinyl Alcohol (PVA). PAV is insoluble in polymer resin but soluble 
in liquid such as water. Those properties of materials can be used to construct multi-layered 
LoCs by embedding the microstructures fabricated in PVA as sacrificial scaffolds in the Soft-
Lithography process. When the PDMS polymer resin is cured, the PVA sacrificial 
microstructures can be dissolved away, leaving the desired microstructure as the void space 
inside the PDMS polymer slab. 
2.5.2. Plasma Cleaning 
Depending on the nature of the plasma, the material can be processed by etching (removing 
bulk material), cleaning (removing contaminants) 88, activating (enhancing the surface 
energy, introducing activated group on the surface) for bonding 89 or coating (depositing 
functional layer or thin film over the surface).  
Oxygen plasma is the ionised Oxygen. Ionisation occurs an electron is disassociated from, or 
is added to, an atom or a molecule. Plasma treatment can clean the surface, but changes the 
surface energy. To make microfluidic channels hydrophilic, plasma treatment is used.  
However, when a plasma machine is not available, reversible bonding  PDMS chip to the 
glass substrate can be used 88. The protocol of reversible bonding starts with mixing PDMS 
polymer resin with curing agent in 10:1 volume ratio, adding Cyclohexane in 1:2 mass ratio. 
This mixture is poured onto the glass cover slip. The Silicone cyclohexane mixture is spin 
coated on wafer at a pre-determined speed for the desired thickness. Cyclohexane allows 
thinner coatings leading to a thin PDMS layer. Then the film is partially cured at 80ºC. Later, 
the fabricated LoC can be bonded reversibly or irreversibly to the microscope glass slides. 
The reversible bonding between glass and microfluidic LoCs can be useful for reusing LoCs 
after sterilising them. Reversible bonding is not only useful as replacement for Oxygen 
plasma treatment, but it has other uses. For example, if neurons and neuronal networks are to 
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be prepared for examination under the electron microscope, reversible bonding can be 
advantageous and appropriate.  
 
2.5.3. Sterilisation and Functionalisation 
In addition to plasma cleaning, the surface of the plasma can be sterilised and functionalised 
before long term storage of LoC. Sterilisation is the process by which to ensure that cell 
culture flasks and petri dishes are cleaned of bacteria, microbes, fungal spores and viruses by 
eliminating them with thermal, chemical and mechanical means. Sterilisation can be done by 
autoclaving the flasks, dishes and tubes using steam in high temperature and pressure in a 
contained space such as pressure cooker, processing with anti-septic such as ethanol or dry 
heating, baking and microwaving 90 and radiating with ultra violet methods.  
With regards to sterilising, the benefit of using transparent polymers is that the sterilisation of 
LoCs and the intervention of contaminated LoCs can be possibly done externally by beaming 
UV light rays on LoCs if the LoC is optically transparent for UV rays. In the case of PDMS, 
it is transparent for wavelengths between 240nm to 1100nm while UV rays are under 350nm 
in their wavelengths 50 and therefore near-UV region rays can be used for sterilising the LoC 
made in PDMS. 
After sterilising and before the LoC is stored, the substrate of the LoC can be coated with 
PDMS for proper bonding. Similarly, the surface of the substrate can be further modified and 
functionalised such as coating with collagen or proteins for cell culture. Similarly, 
functionalisation can be for better cell adhesion 91 and it can effect anti-microbialisation in 
the case of cell-culture LoCs.  
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2.5.4. Flow Verification and Regulation 
 
The verification of fluid flow in the microfluidic device can be done by detecting optically 
and visually, and tracking of single bead in the flow 92. Also, syringes and dyes can be used 
to see the flow is viable. Flow in microfluidics can be observed by using a glass pipette and 
dyed fluid filled into inlet reservoirs. For better analysis, the manually controlled syringes can 
be used to pressurize control and flow lines by hand. Plastic syringes can be connected to 
control and flow ports of a LoC via Tygon tubings. Tubings will be connected to hollow steel 
pins. Fluid columns in microfluidic channels can be pressurized by compressing the syringe 
by hand. This method represents one of the best practices for qualitative verification to assure 
that there is fluid flow in channels. 
 
2.6. Emerging techniques and new materials 
 
In addition to materials such as Glass, Silicon, PDMS, CoC, PC, etc., lesser known materials 
can be used for fabricating LoCs. For example, three dimensional, non-planar, cell culturing 
can be achieved with biodegradable Silica, Glass Particles (Kirsk), and can be used for 
fabricating 3D cell-culture LoCs. Two model particles can be used, one as the support matrix 
and another for seeded neurons. Maltezos et al. (2007) have used three dimensional 
mechanical modelling, wax printing, and perfluoropolyether material, commonly known as 
Sifel, to fabricate robust microfluidic devices 93. Those new materials can be alternative 
polymers to be used instead of PDMS in Soft-Lithography technique. 
Also, the emergence of three dimensional material printers with the ability to print different 
kinds of materials as ink, offers considerable potential for constructing the microfluidic 
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platforms useful to Lab-on-a-Chip devices. The common material for material printers today 
is ABS plastic. However, 3D printing has become a noteworthy fabrication method for LoC 
designers recently and could emerge as a practical method for making microfluidic platforms 
in future 94. 
 
2.7. Summary 
 
This chapter covers the fabrication materials and methods for constructing Lab-on-a-Chip 
devices and operating them. The SoftMAB framework to be developed and presented will 
have to be compatible with the materials, methods and processes described in this chapter. In 
Chapter 3, components and sub-systems of a Lab-on-a-Chip platform for neuronal 
engineering is described. The construction and operational methods for them are discussed in 
the upcoming chapter and the existing techniques and framework for designing and making 
microfluidic platforms will be discussed too. 
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Chapter 3 Components of a Neuron Culturing Platform    
Designing, prototyping LoCs and applying them in chemical and biological investigations has 
yet to become an established multi-disciplinary research field. The current investigative focus 
of LoC research has been on miniaturising the instrumentation into a LoC platform and 
embedding the miniaturized instrument into each LoC prototype on a project basis. However, 
as the complexities of LoCs increase, more skills in depth and breadth are needed and each 
LoC design project will become more resource intensive. While each LoC application may 
have unique features, LoCs can share common components. Moreover, it is important to 
reuse the knowledge gained from previous investigations and previous LoC designs.  Using 
Software Modular Assembly Blocks (SoftMAB) as the design methodology seeks to achieve 
this. The SoftMAB framework is one of the early attempts in microfluidic research to extend 
the research focus on modularisations by using information technology. 
 
3.1. Neural Engineering  
Neural engineers have been designing LoCs for neuroscience research. Flexibility is needed 
in designing MEA-LoCs, PCR-LoCs, cell-culturing and co-culturing LoCs, and LoCs with 
microstructures to emulate organs etc. These LoCs can be used for neuroscience. 
Neuroscience is the study of neurotransmitters, ion channels, the growth of axons, the 
behaviour of neurons, neuron-glia interdependence, inter-neuronal communications, the 
formation of in-vitro and in-vivo neuron networks, the formation of neuronal networks into 
modules and subsystems such as tissues, systems such as organs, for example, the eye, the 
brain and the nervous system and the whole animal. It can also be the investigation of meta-
systems such as animal colonies or the cognitive ability driven interactions between predators 
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and prey. It can also investigate spatial and temporal recognitions and cognitions. LoCs can 
be designed for investigations in neuroscience at many different levels 11. 
The LoC design framework should help designers to add microstructures such as micro-
pillars and gradient generating channels configuration to suspend neurons, or to sieve out fine 
particles. Not only that, it will need the facility for synthesising a LoC design at high levels to 
numerically validate the design of LoC with CFD tools. It should remove barriers that 
prevent research collaborations across laboratories. 
An LoC that is embedded with a micro-maze for c-elegan worms can be used for studying 
system level neuroscience at the highest level of abstraction. At intermediate levels, an LoC 
with cell culture chambers can be useful for investigating neuronal network and cell level 
neuroscience. At molecular and sub-cellular levels, a LoC with functions such as 
dielectrophoresis and PCR can be used to investigate outputs and neuronal response. In 
designing LoCs, the designer needs different set of domain knowledge for different research 
objectives. LoCs are designed for investigating a colony of animals such as worms, the whole 
animal or embryos of zebra fish, c-elegan worms. Also LoCs are used for investigating 
extracted neuronal cells, chemical compounds and molecules released from pre-natal and 
adult animals. Therefore, if application designers can use components designed by low-level 
microfluidic designers, they may be able to design application specific LoCs customized for 
investigation in shorter time frames with lesser efforts. Therefore the proposed LoC design 
framework must equip neural engineers with the flexibility to design cell-culturing LoCs for 
low and high density culturing situations. Similarly, design framework should be useful for 
designing PCR LoCs. 
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3.1.1. Cell Culturing 
Cell culturing is one of the tools for neuroscientists, but also a tool for sensing toxins and 
pathogens. Contemporary practice of culturing cells and neurons bears a closer resemblance 
to a practice-based craft than a science. In-vitro cell culturing is the process of extracting cells 
from of their natural environment, transplanting them in a circulating artificial body fluid at a 
temperature and pressure that closely mimics the natural environment of tissues and organs, 
the in-situ homes of those cells 95. In mammalian cells, the body fluid is blood, and in that 
sense cell culture medium is artificial blood, the carrier for nutrients and dissolved Oxygen 
that cells need for their survivals 95. Current cell culturing practice is inclined towards 
adopting standard operating practices and following step-by-step protocols that can deliver 
results that can be independently replicated by researchers in other laboratories. For example, 
cells from different animals, organs, tissues, at different ages are to be cultured differently 
following the practices those have proven in the past. It is more of a craft rather than 
engineering or science. Moreover, investigations with varying objectives will also demand 
different cell culturing environments. Therefore, if there is a microfluidic LoC framework for 
designing cell-culture LoCs, it should provide flexibility in the design as well as capacity for 
the reuse of previous designs. 
In cell culturing, there is a risk of contamination and as well as risks to the health of 
personnel. The contamination sources are bacteria, fungus and mycoplasma 96. Bacterial 
contamination can be prevented with antibiotics, like penicillin. On the other hand, 
mycoplasmas are bacteria without cell walls and for this reason, mycoplasmic infections 
cannot be prevented with cell wall wrecking anti-septic, like penicillin. There are issues to be 
investigated and resolved for cell culturing LoCs. For example, unwanted granularities in 
perfusing cell culture medium must be filtered out, neuronal cells must be seeded and they 
 48 
 
have to be suspended at sites mechanically, hydro-dynamically, and electromagnetically. The 
contamination must be prevented. The LoC design framework must consider the detectibly of 
contamination a necessity. In addition, detection, intervention, and the mitigation of 
contamination on-chip must be carried out.  
In cell culturing, it is important to be able to identify contamination attributed to fungus, 
bacteria, or mycoplasma. In designing in-vitro neuron cell-culture LoCs and MEA-LoCs, 
there are tasks to be executed in addition to seeding neurons, perfusing them with culture 
media pre-mixed with antibiotics and antifungal chemicals, and harvesting after culturing. 
Therefore, an LoC design methodology must accommodate different requirements and future 
changes in requirements. 
The requirements for designing two neuron-culture LoCs might never be identical. For 
instance, high-density and low-density cell culturing need different LoCs. While designing a 
high-density cell-culturing LoC, features for seeding, culturing, flushing them out with the 
diluted Trypsin solution for harvesting can be more useful 97. On the other hand, designing a 
LoC for low-density cell culturing, the effect of serum must be decoupled from the 
investigation. Serum is an essential component in cell culturing as cells need that nutrient rich 
(young cattle) blood plasma for their survival. However, serum contains a lot of unidentified 
molecules, those may interfere with molecules comprising the focus of the investigation. For 
low-density cell culturing, where a neuron can be confined into a tight space, a LoC design 
with an embedded microgroove that will make easier to investigate the response to perfused 
drug 98. 
In traditional cell culturing, the contamination inside cell culture containers is monitored 
visually. When contamination of the cell culture is suspected, the culturist will sample the 
cells and excretion of cells, and analyze it with bench-top instruments, to investigate the state 
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of contamination.  Likewise, in cell-culture LoCs, visual inspection is possible to monitor the 
state and shape of cultured cells. When the contamination is detected or suspected, a PCR-
LoC connected in tandem to the cell-culture LoC can be beneficial. A PCR-LoC can be 
coupled to the cell-culture by means of 1/4-28 fittings, 1/16 OD tubings and external flow 
control (Elveflow, United States) or by devising simpler screw-controls 99 during fabrication 
times. Once it is confirmed that the cell under culture is contaminated, anti-contamination 
measures can be taken by sterilisation by perfusing with anti-biotics, anti-fungal and anti-
mycoplasma chemicals (Amphotericin, Thermofisher; Primocin, Invivogen) and radiating 
with UV onto the LoC 100-102. 
The viability of cultured cells will be dependent on the designs of LoCs. When cells are 
seeded into the LoC, they will have to suspend to substrate or support structures. If cells fail 
to adhere themselves to the floor, they will die. When cells die, they will float in perfused 
media. Mechanical, chemical and thermal stresses can be harmful to the cells in culture. The 
mechanical shear forces those can be hazardous and fatal for neurons in in-vitro cell culture 
103. 
In microfluidics, when parameters such as channel diameter, temperature and viscosity of 
fluid relative to water – culture medium is almost identical to water – the Reynold number of 
culture medium flow in microfluidics can be estimated. Flowing across channels, fluids flow 
at different velocities at different spatial distance from side-wall channel banks or bottom of 
channels. Gradients can be controlled and estimated by aspect ratios, channel configuration 
inside microfluidic device. In laminar flow regimes, diffusion will not take place. Therefore 
different chemical liquids can flow in parallel without diffusing. That feature will make 
different parts of microfluidics and nerve cells getting different chemicals those are useful to 
guide cell migration by chemical cues. Shear forces caused by turbulent flow are hostile to 
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cells in in-vitro cultures. Shear forces induced by perfusion and their effect on cells need to 
be studied, calculated, estimated. Cioffi et al. (2010) studied shear force calculation due to 
flow induced by syringe pump driving 1 ml per minute flow inlet and waste outlet in channels 
where there are micro wells 150μm in diameter with depths of 20-80μm 104. 
There are additional benefits to employing transparent polymers such as PDMS and PMMA 
in an in-vitro cell culture. The evidence of glucose consumption indicates that organs are still 
alive, even after they are removed from natural environments. If the LoC can be observable 
with a naked eye or under a light microscope, it is possible to observe visually that the cells 
are still surviving in the culture. The cell culture medium is a natural culture solution such as 
serum added with tyrode solution buffered with sodium bicarbonate. Sodium bicarbonate is 
formed by injecting Carbon Diode as carbonate is reverted to bicarbonate. The pH indication 
is done by straining with the phenol red about 5mg per 100cc.  
One of the earliest cell culturists, Carrel, discussed three possible ways by which to increase 
the level of dissolved oxygen in the cultured media to increase the chance of survival for 
cells. The first recommendation is to decrease the temperature to 22ºC - 25ºC, which will 
eliminate the need for an on-chip or externally radiated infra-red heater. The second 
recommendation is to increase the pressure of the tissue being cultured in-vitro by using a 
pressure tank, by which fluid can be increased by several orders of atmospheric pressure. The 
third recommendation is not relevant for using the commercial cell culture medium 105. 
LoCs may be fabricated with additional components for cell-culturing. Although it is feasible 
to use external methods such as infra-red lamps and filters to heat up the cell culture, while its 
temperature can be read by an infra-red camera or photomultiplier tube to regulate the heat 
source 62. Also, an integrated heater can be fabricated to heat up the culture medium, and a 
controller used to regulate the temperature. Giovangrandi et al. (2005) fabricated a flexible 
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PCB with heater tracks on the bottom layer and electrodes on the top layer; this heater is 
integrated with the cell culture LoC 106.  
 
3.1.2. Tissue Culturing 
Not only are neuronal cells and networks cultured with LoCs and MEAs, tissues such as brain 
slices can be cultured outside the body of animals, for example inside microfluidic platforms. 
Bruzewicz and Whitesides teamed up to fabricate an LoC for tissue culturing based on 
microfluidics and molded gels containing mammalian cells 107.  
Not only neurons from the brain and spinal cord, but cells from other nervous system’s 
tissues can be cultured on LoCs 108 89. It is feasible to automate culturing cells using an active 
microfluidic device. In addition to cell-culture, LoCs there are those that need manual labour. 
Automated cell culturing platforms were researched. Gomez Sjolberg et al. (2007) designed 
an automated microfluidic cell culture platform 24. Their robotic cell culture system 
incorporated active microfluidic components such as pumps and valves.  
In addition to active components for amplifying, regulating and manipulating fluid flow, 
passive components are used. Instead of using expensive, leak-prone miniature valves, 
microfluidic pumps and mixers, a low-cost yet effective design uses a reservoir for cells 
nourishment and the collection of cell wastes by means of programmable syringe pump 
injection.  
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3.1.3. Neuron Culturing 
The 3D printed reverse master of a LoC with inlet reservoirs and microfluidic channels, an 
outlet reservoir, cell culture chambers in parallel can be used to fabricate a neuronal cell 
culture platform. Microchannels will connect reservoirs and chambers and microchambers 
are connected by grooves for neurites to grow along. Inlet reservoirs can be used for loading 
cells and perfusing and outlet reservoir for disposing waste 31. 
Mammalian culturing protocols use fetal bovine serum (FBS). Since serum contains natural 
elements, and one batch of serum bottle and another may be different. Serum contains 
unknown and various growth factors, hormones, vitamins, and proteins in varying degrees. If 
the primary neurons are cultured, glial cells will also multiply as serum contains the growth 
factor – cytotoxic mitotic inhibitors will have to be used 109. For secondary neurons such as 
GT-17, using serum may not matter. However, glial cells are not merely structural support 
cells and they influence neurons functional behaviours. Neuronal cells behave differently 
without glial cells. Glia cells have become the focus of active research interest recently 110. 
Glial cells, astrocytes, regulate acidity by increasing breathing 111 and that activity could 
increase the viability of the cells in culture. The research interest in culturing glia together 
with neurons led to co-culturing LoCs. 
In addition to the continuous-flow microfluidics, a cell-culture LoC can be designed by 
integrating a continuous-flow microfluidics channel, a T-junction, to create microgel droplets 
encapsulating neurons. In 2008, Long presented their droplet-based microfluidic cell-culture 
platform. In their LoC, Calcium Chloride solution and oil was injected from one side, Na-
Alginate medium with PC-12 neurons and oil on the other side. After mixing, along 
continuous-flow expansion channel, a neuron will be encapsulated into the droplet of fused 
Calcium-Alginate gel to create gel-coated neurons microcapsules. Droplets were generated 
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by focusing flow through restrictor or shearing through T-junctions. For the droplets to be 
formed from target liquid, in this case cell culture medium, continuous-flow is sheared by 
flow of oil to form droplets while it is flowing through that T-junction 112. There are different 
methods for droplet generation. Flow-focusing, shear-focusing, T-junction configurations and 
DEP-drive were studied 113.  
Such topologies of micro-channels and configurations of reservoirs for storing oils and 
emulsifiers (discussed above) can be captured with SoftMABs.  In a software framework, 
LoC attributes such as channel width, nozzle size, restrictor dimensions and channel 
configurations are reconfigurable at design-time. By cataloguing SoftMABs with different 
channel dimensions, and lengths and geometries, it will be possible to aid researchers in the 
design process. Moreover, mechanical design tools like Solidworks provide macro scripting 
capabilities to modify dimensions of the assembled parts. Therefore, it is possible to modify 
the dimensions of the designed LoC which is the assembly of its parts, SoftMABs. For 
example, using software tools such as Visual Basic for Applications, dimensions of assembly 
can be imported to Excel. It is possible that researchers can modify the dimensions in 
assembly and modified values can be transferred back to the assembled model to change its 
dimensions. 
 
3.1.3. Co-Culturing 
Co-culturing is the culturing of two or more types of cells together in the same in-vitro 
environment. Traditionally, Campernot chambers are used for co-culturing, they were 
invented by Robert Campernot about four decades ago 114. They are used as 
compartmentalized culture systems that can have two separate culture media together. When 
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neurons are cultured inside it, neurites will penetrate the silicone grease barrier, then Teflon 
chamber walls are fabricated so that axons will be in different microchambers from where 
somas are located. Their LoC was used as a bio-sensor to test effect of neurotoxin and 
chemotherapeutic drug vincristine. Compartmentalising chambers can be useful not only for 
chemical guidance of axons growth and recording but also for co-culturing. The mixture of 
silicon oil and Molykote bearing grease was used in LoCs. The topographic and chemical 
cues for axonal guidance and neurite growth were used. 
In addition to other types of cells, LoCs for co-culturing neurons have been designed. Park et 
al. (2010) developed a millimeter scale separation of somas, cell bodies, from axons, cell 
axises, and glia by soft-lithograhy. Their PDMS multi-compartment neuron co-culture 
platform is designed with fluidic interfaces 115. Earlier, Irons et al. (2008) engineered 3D co-
culture environment using a bioactive matrix, a co-culture platform for E 17-18 rat neurons 
mimic complex neural tissue 116. Schober et al. (2010) designed co-culture device based on 
MEA and microfluidics. The microfluidic bioreactor for 3D cultivation of cell system was 
designed with 24 channels and comes with micro-structured polymeric scaffold as the 3D 
cell-support system 117. Reusing this artifact, and the ability to combine it with another to 
develop into a different LoC will be beneficial for LoC research, those can be captured by the 
software-based SoftMAB framework. 
Similarly, Ravula collaborated with colleagues to fabricate a LoC with Campenot chambers. 
Inside the chambers, soma and axons of Dorsal Root Ganglia (DRG) from peripheral nervous 
system (PNS) were seeded, suspended and cultured separately. The partitioned chambers had 
electrodes underneath them and from them, signals were recorded 118. 
In cell-culturing and co-culturing LoCs, heat stress and cold stress can present risks. 
Hydrodynamic flow can induce mechanical sheer stresses. Those temperature and mechanical 
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stresses can be fatal for the cultured cells. While perfused medium regulated at warm-blooded 
animal body temperature at 37ºC is a standard practice, a regulated integrated micro-heater 
may be useful in cell culturing to prevent cells-under-culture from experiencing cold stress. 
However, warming up cell culture medium will reduce the dissolved oxygen in culture 
medium. Therefore, depending on the type of the cell, the temperature may be regulated and 
they must be reduced or increased.  
There are several ways to heat up the cell culture medium supplied to the cell culturing 
perfusion chamber. It can be an on-chip integrated track heater on the substrate: glass slide or 
PCB, or the Peltier heat packs can be used 119. Alternatively, heating medium can be done 
externally by application of a Peltier heater or beaming with an infra-red source directed at 
the desired heating point. It is also possible to preheat cell culture medium prior perfusion. 
On the other hand, cooling of culture medium can be achieved with Peltier pads too. The 
temperature of perfused culture media can be estimated using a CCD thermal camera or even 
a CMOS imager 120.  
 
3.1.4. Polymerase Chain Reaction  
Polymerase Chain Reaction is a process for amplifying a few strands of DNA millions of 
times so that it will become easier to identify the DNA. It is possible to create a PCR device 
on continuous-flow microfluidic platforms. Joung et al. (2007) fabricated a PCR chip with 3 
different temperature zones: denaturation (94ºC), extension (68ºC) and annealing (55ºC). ITO 
heaters were fabricated using photolithography and a wet etching process. First, positive 
photoresist (AZI512, Clariant, Switzerland) was spin-coated on ITO film deposited glass 
(Samsung Corning Co., Korea). Next, the ITO film was etched using FeCl/HCl solution for 2 
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to remove the photoresist. Then, the PDMS was spin coated on the glass/heater chip and the 
dish baked at 95ºC for 30 minutes to form an electrical insulation layer. Finally the PDMS 
block that contains channels and heater chip with different temperature zones were bonded 
with each other under UV-ozone treatment for 40 minutes 121.  
Connecting a PCR-LoC downstream to a cell-culture LoC can be done, but it should be 
decoupled from the cell-culture LoC to eliminate heat stress for cells. Although it is possible 
to make a PCR chip up-stream, heated cell culture medium will reduce the dissolved oxygen 
in the perfusing medium. Cooling down and increasing the pressure of perfusing culture 
medium can help more oxygen to be delivered the cells via the culture or artificial body fluid, 
blood 105. 
 
3.1.5. Point-of-Care Diagnostic 
The initial promise of the microfluidic platforms was in point-of-care diagnostic devices. 
There were attempts to design low-cost point-of-care LoCs. Chin et al. (2011) developed all 
mChip microfluidic assay to perform ELISA protocol at affordable prices 122. Later, 
researchers attempted to exploit the affordability and accessibility of smart phones to masses 
in developing countries. Laksanasopin and his team developed a smartphone dongle that can 
be used to detect HIV by the ELISA protocol 123. 
Since LoC-based sensors need electronics and the electronic systems for each LoC might be 
different from one another, research work was done to investigate modularising and reusing 
the designs that are proven to work. Neuzil et al. (2013) developed the “application-specific-
lab-on-a-chip” (ASLOC) electronics modules where a base electronic platform was reused 
for several LoC applications 124. 
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PCR can be a very useful technique. In cell culture applications, mycoplasma is one of the 
many sources of contamination, and it can be preliminarily detected by using qPCR. 
Similarly, Fragile X screening, CGG repeats of FMR1 gene can be done by PCR and a 
Capillary/Gel electrophoresis integrated LoC. It will be better to do it as a low-cost, 
disposable PoC LoC. Therefore, if a PCR-LoC can be used as a part of cell-culture LoC or 
point-of-care LoC then it will be beneficial for LoC research. 
 
3.1.6. Patch Clamping 
Neurons send electrical signals to each other and there are methods to pick up those signals. 
The Patch-Clamp technique is the intracellular recording method used to measure action 
potential changes inside a cell when it spikes. A glass micro-pipette filled with salt solution is 
pierced into the cell. The pipette has embedded an electrode, and an oscilloscope connected 
to it to record action potentials. It forms a seal around its rims. Meanwhile, the tip is inside 
the neuron, piercing through the cellular membrane effectively coupling the electrode to the 
neuron. Intracellular Patch-Clamp will work less than half of the time, often losing seal 
between the pipette and cell. It will shorten the life span of cells as cells can be killed by 
rapture of the membrane. To avoid killing cells or shortening the life span of in-vitro neurons, 
electrodes are used instead of the patch clamp technique, sparing neurons from being inserted 
with micro-pipette into the body of the cell. Modern MEA devices are an improved version of 
earlier planar metal microelectrode arrays patterned inside a petri dish 125. 
Neural researchers have investigated and found that it is possible to use PDMS to fabricate 
LoCs with action potentials recording and stimulating tasks. Klemic et al. (2002) devised a 
PDMS master to fabricate PDMS holes of 4-20 microns diameter, forming disposable 
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through holed planar array of PDMS electrodes at the bottom of the microfluidic device. 
Suction pumps and Ag/Cl electrodes were connected at the bottom of holes through the 
PDMS slab. However, the success rate was only 13%, 10 out of 75. A conventional seal 
forming rate is 40% in the Patch-Clamp technique, which is one of major reasons 
extracellular recording has become popular, although signals measurement outside of the cell 
will be much lower than measuring action potentials inside the cell 126. 
 
3.1.7. Integrating Microelectrodes  
One of the desirable benefits of microfluidic platforms is the possibility of integrating sensors 
into it at the fluidic paths. A cell-culture platform fitted with electrodes can sense electrical 
signals coming from neurons. There will be benefits in integrating electrodes into cell-
culturing microfluidics platforms. 
In fact, in cell culturing, multi-electrode array (MEA) systems are already found in the tool 
kits of neuroscientist and cell-culturists. MEAs enable the analysis of neuronal network 
activity in-vitro and consists of an electrode array embedded within a cell culture dish 127. 
Action potentials produced by a neuronal network are detected, amplified, and recorded and 
can be analyzed by software. 
MEAs are instruments for neurophysiological investigations. The traditional MEAs are petri 
dishes with patterned electrodes connected to electronics. A modern MEA is not much 
different from the first miniaturized microelectrode arrays reported 128. Until now, MEA 
makers have been using the original design, although there are improvements, such as 
making electrodes stable, adding insulation layers, improving signal processing circuits and 
data acquisition instruments. MEA is used as a container. 50,000-300,000 neurons are 
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suspended into it and they are incubated in a hot and humid tissue culture chamber. 
Meanwhile, electrodes will record extracellular signals from neurons when there are neuronal 
spikes. Neurons are conditioned to be used to drive autonomous robots.  
Engineers have been investigating affordable and accessible methods for fabricating 
microelectrode arrays for MEAs. For example, doped inkjet printable liquid PEDOT ink was 
used to create polymer-MEAs. There are water-based and water-free PEDOT inks. PSS will 
make PEDOT soluble and PEDOT:PSS is water based. There are water-free PEDOT inks by 
other solvents. EDOT monomer in blocked polymer will chain with Aedotron C polymer or 
other molecules so that they cannot only become inkjet printable, but they will be crosslinked 
by UV exposure. Crosslinking in polymer happens when Carbon atom from a polymer chain 
shares electrons forming bonds with Carbon atoms belong to other polymer chains. 
Crosslinking can provide stability of printed polymer tracks, electrical conducts, therefore 
making this crosslink feature desirable for fabricating polymer-MEA device and for making 
durable electrodes.  
An emerging polymer material which is becoming a popular fabrication material is water-free 
PEDOT ink (TDA Research via Sigma Aldrich). Water-free inks are in the volatile solvents 
and therefore cannot be used with direct on demand (DoD) printers with thermal print heads 
especially if the boiling point of ink is lower than the heating point for jetting sprayed from 
the print head. It is possible to inkjet print on wet glass and PDMS, PMMA, PC organic 
substrates and exposing UV for cross linking polymers. PDMS-PEDOT materials are highly 
conductive. Liu discussed polymers those are interesting for fabricating LoCs 129. 
Low-cost microelectrode arrays, polyMEAs, were fabricated using polymers: PMMA and 
PEDOT 130. A PolyMEA is fabricated in three steps: the cavities are made for electrodes, 
leads and contact pads were molded into a PDMS top layer thinner than 500 microns. 
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Geometries of these cavities were defined by a SU-8 master on the top of a four inches 
silicon wafer. Two-layered design ensures that electrode and pad features extended through 
the top layer while interconnection channels for electrode leads stay covered by PDMS.  
Then, the cured PDMS film was peeled off from surface of the master and was treated for 
improving hydrophilicity. Cavities were then filled with a conducting polymer and tempered 
with a blade. The back side of the top layer was electrically insulated by a layer of PDMS 
underneath its bottom. The fabricated PolyMEA with a thickness of less than 1.5mm can be 
made stiffer by bonding it to a glass. Blau and team fabricated flexible, polymer 
microelectrode arrays to record neuronal signals 130. They have created channels and exposed 
openings at the neuron suspension site, the channel will be filled with conductive polymer 
fluid such as volumetric 5% ethylene glycol enhanced filtered PEDOT:PSS solution. When 
making two layers, the structures in the bottom layers were made larger than the upper layer 
to serve as tolerance for alignment. Contact pads are about 70-120μm. However, all-polymer-
MEAs reported have neither integrated microfluidic technology and they do not contain 
structures for immobilising neurons. 
However, polymers as fabrication material for the electrodes are not without issues. Forrest 
has discussed the correlation between flexibility of organic electronics and fragility 131. The 
fragility can be attributed to the chemical bonds, if microelectrode tracks were to be made 
from conductive polymer, chemical bonds in the electrodes will be weaker van der Walls 
forces instead of the stronger covalent bonds that make up non organic semiconductors such 
as silicon. The direct printing of PEDOT ink onto PMMA or PDMS substrate can create a 
disordered state of cross-linked polymer molecules. As the electrons flow, current 
conductance is via hopping electrons across polymer chains, from one molecule to another. 
Luebben et al. (2004) discussed using PEDOT ink (TDA research) to solve problems of 
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Inherently Conductive Polymer, abbreviated as ICP 132. Using conductive polymers, 
electrodes were integrated neuron culture devices to be used for drug screening 133.  
Pearce and Williams (2007) reviewed designs of microfluidic and microsystem. They 
discussed the importance of cell culturing in microfluidics, investigating cells using 
microelectronics and microelectrode arrays and prototyping research instrumentations for 
neuroscience investigations 134. 
Electrical signals can be used to stimulate neurons to produce action potentials. The nature of 
signals is different in intracellular and extracellular stimulations: voltage signals for 
extracellular stimulation, and current for intracellular stimulation. AP recordings should be 
able to start immediately after neuronal activities are induced with stimulated spikes. If spike 
coupling prevention is not used, to remove artifacts from stimulation, spike artifacts 
suppression and reduction should be incorporated. If possible, the system must be able to 
detect and record short-latency action potentials, those post-stimuli signals that are shorter 
than 1 millisecond. The system is designed to allow long-term neuron culturing, sterilized, 
biocompatible, surface energy modified for the adhesion of seeded cells. Electrodes should be 
stable to facilitate long-term recording and stimulating.  
Extracellular recording is the measuring of electrical signals from neurons at close distances 
to them. Intracellular AP signals are from 100 to 1000 times higher than the extracellular 
counterparts. When a neuron fires, its membrane conductance changes, the ions flow in and 
out of cell membranes via the voltage control gates and produces current flow in the 
electrolyte.  
The electrode to the positive input of the voltage recording device is the positive electrode. 
The positive electrode is placed in close proximity to the neuron. The negative electrode 
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should be outside the same neuron at a distance in the fluid surrounding the neuron. The 
negative electrodes can be grounded to reduce electrical interference. The negative electrodes 
should be far from the neurons of interest; further away than positive electrodes. If both 
positive and negative electrodes are close to neurons, the signals recorded will be the 
summation of potential changes, detected and recorded at two electrodes. Although 
extracellular measurement technique will less readily measure the absolute action potentials 
changes, it is still useful to detect neurons firing. 
The extracellular measurement technique can detect the direction of action potential signals 
propagation across neurons in networks. When neurons are at rest, there will be no electrical 
potential to be recorded. Both electrodes are in the extracellular fluid with the positive 
electrode placed closer to the neuron, the voltage meter will measure a positive voltage as an 
action potential coming towards it.  
However, the electrical signal that is propagated away from the positive electrode will cause 
a negative electrical potential change if voltage potentials are measured at the electrodes in 
near proximity. Therefore, when an action potential signal moves across a pair of electrodes, 
the electrical potential recorded will be positive and then later followed by negative spike 
trains. Spike detection and the analysis of results are done after the action potentials are 
recorded with an acquisition system. 
Since the advent of MEAs, MEA system designs have been investigated and improved by 
electrophysiological researchers and neural engineers. Researchers have devised innovative 
MEA designs,  some of them with toxin sensing applications 135. From the outset, innovation 
has been a continuing feature of MEA design. Thomas et al. fabricated MEAs to investigate 
neural spikes from cultured neurons using 30 gold-coated nickel electrodes – 30 electrodes in 
50-100μm spacing covered in a layer of insulation 128. The resistance of a metallic electrode 
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can be estimated from the voltage measured. Impedance measurements were achieved by 
using multiple channel oscilloscopes incorporating the device-under-test. The impedance at 
the interface, between metal electrodes and culture medium and parallel leakage through 
electrode shank insulation, are determined by measuring the voltages across them. The 
differential voltages will be fed into the non-inverting input of the operational amplifier in the 
inverting configuration. The signal will be fed to the inverting input as feedback, and if the 
current is known voltage measured across that input resister will yield the impedance of the 
electrode. 
Semiconductor technology is used in designing and fabricating MEAs. In 1977, Gross 
reported an MEA they developed. It was based semiconductor technology, which was at the 
time an emerging technology, enabling a new era for the construction of MEAs 136.  
Since then, neurons extracted from animals have been cultured in-vitro in the MEAs: Aplysia 
(Regehr et al. 1989), Leech (Hirudo) and Snail (Helisoma). One more design improvement 
was that an MEA was fitted with three dimensional electrodes instead of two dimensional 
planar electrodes, Heuschkel fabricated three dimensional electrodes that are fitted inside a 
MEA dish 137.  
In addition to passive electrode arrays, active electronic components were gradually 
incorporated into MEAs by researchers.  Transistors were integrated into MEA 138. In 2006, 
Taketani, collaborating with Michel Baudry, reviewed the advances in network 
electrophysiology, discussing the progress made in culturing neurons inside MEAs for  
carrying out the cellular level physiological investigation of cultured cells 139.  
Until now, MEAs are still an essential technology platform for neuroscience investigations. 
They are also used in other disciplines. Neurons cultured inside MEAs have been  researched 
for the potential to design learning robots 140. They are investigated for neuronal network 
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based computing, such as hybrid robotics and neuroscience, but researchers are interested in 
their application as biosensors. Olfactory bulb neurons cultured in MEAs were investigated to 
be used as an artificial nose 141. Neurons fire differently in the presence of toxic chemicals. 
Stett et al. (2003) reviewed industrial applications of MEAs in new drug testing for 
complementing clinical trials 142. MEAs are not only useful for in-vitro culturing of 
disassociated neurons, but can also hold brain slices. Thin slices of brain were placed in the 
MEA to study the temporal and spatial dynamics of neuronal firing patterns 143. 
MEAs researchers and design engineers have to compromise between spatial resolution and 
simplicity. MEAs can be fabricated with recording only electrodes, or recording and 
stimulating electrodes. To achieve the highest spatial resolution, recording and stimulating 
can be done from the same electrical contact by means of time division multiplexing so that 
the circuits will be recording and stimulating at different times.  
MEAs are also improvised by simplifying their designs. In simplified MEA designs, 
recording and stimulating electrodes can be separated. However, separate electrical contacts 
for recording and stimulating will reduce spatial resolution. Moreover, if the recording 
electrode is close to the stimulating voltage, amplifiers in the recording signal chain will 
easily become saturated. Therefore, that electrical coupling can be either prevented, or the 
artifacts caused by coupling must be reduced, by both new hardware and software design 
techniques 144. One way to reduce the effects of coupling between stimulating and recording 
is by means of time multiplexing, that is switching off the recording circuit while neurons are 
stimulated. However, there are some signal responses from neurons that come almost 
instantaneously once they are induced with stimuli. If recording is disabled while neurons are 
being stimulated, those artifacts will be lost. Therefore, to investigate the early response of 
stimulus response from a neuronal network, time multiplexing is not an option. 
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Although extracellular electro-physiological recording can be achieved by using MEAs, a 
drawback of MEAs is that cells are not immobilized. On the other hand, microfluidics LoC 
technology with embedded cell immobilisation microstructures can supplement MEA 
technology. That is where microfluidics and MEAs can be integrated into with MEA-LoCs. 
Electrodes in MEA are usually fabricated from ‘conducting leads of gold, Indium–Tin Oxide 
or similar materials and insulated with silicon dioxide, polyimide, or silicone, constituting 
contact surface for cells. Actual electrodes are created by an opening in the insulating-layer 
5–50m in diameter. The opening exposes the tip of leads underneath to the cell culture and 
the electrical signals will conduct via that opening to the data acquisitioning circuitry outside. 
In addition to the traditional MEA design with a single petri dish and electrodes, there are 
MEAs designed with multiple wells and MEAs with multiple compartments. There are also 
polymeric MEA (PMEA) which are fabricated from polymer. The number of electrodes 
should be higher, as having only 64 channels for thousands of neurons in the MEA will be 
under-sampling. Therefore, nanowires are used as transistors on a transparent substrate to 
increase the spatial density of electrodes 145. Another area of interest is confining and 
patterning neurons, Berdondini et al. (2006) created high-resolution MEA with the clusters of 
neuronal confinement of immobilisation structures in it 146. 
Researchers recognized that there is a need for new technologies to improve MEA designs, as 
current technologies expose limitations 147. Current MEA systems cannot achieve high 
resolution spatial sampling. The systems can only under-sample neuronal spikes at lower 
spatial resolutions. The advocated benefits of a higher electrode density MEA, such as 
increased spatial resolution and the adequate sampling of neuronal spikes activity, will enable 
researchers to investigate deeper into learning mechanisms. Learning is based on memories 
and one type of memories researchers are particularly interested in is the associative memory. 
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This type of learning is developed and stored in an animal by forming memories. The 
associative learning mechanism in individuals is not based on inherited instincts-driven 
memory, but it is individual specific. Associative memories are formed in a context specific 
manner and in the case of in-vitro cultured neurons, forming associative memory in them is 
unique and specific to a cultured neuron network 148. In the Hebbian learning regime, 
synaptic plasticity occurs when synapses between two neurons get strengthened, as 
presynaptic cells repeatedly and persistently induce firing spikes in postsynaptic neurons. In a 
Y-shaped neuronal network with two neurons A, B are the top two branches of a Y construct 
and the neuron C is at the base of the Y. When neurons A and B fire together at the same 
time, synapses between A to C, and B to C will be strengthened and inputs at A and B will 
become associated. This is the formation of a local Hebbian learning network and if many 
neurons can form a global Hebbian learning network. A Hebbian learning network is a 
multiple-input-multiple-output machine with memory embedded in the matrix which is 
between inputs and outputs. With a Hebbian model, it is possible to tune neuronal networks 
by stimulating action potentials, that is conditioning or training, as a dog can be conditioned, 
so that it will associate the ring of the bell with food, or another tone with an electric shock. 
Therefore stimulating specific neurons with different and specific patterns can condition 
neural networks. The learning scheme can depend upon the time sequence of input and output 
spikes. The synaptic weight will increase if pre-synaptic firing comes before a postsynaptic 
spike or otherwise decrease. If it is a cell-culture LoC with microelectrode arrays can be 
constructed and cells can be cultured in-vitro for long periods, Hebbian learning can be 
investigated. Therefore, microelectrode arrays are integrated by neuroscience researchers into 
cell-culture LoCs. 
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Not only microelectrodes, but also microelectronics, has been the subject of interest for 
integrating into MEA platforms used for cell culturing. Silicon-Neuron bidirectional 
communication for recording and stimulating were devised 149. Fromherz and colleagues have 
cultured neurons of an adult snail and intracellular action potentials are investigated. 
Bioelectronics platforms were used for studying Hebbian learning – modified synaptic 
connections by means of correlated pre-synaptic and post-synaptic neurons – making it 
essential to record pre and post synaptic pairs.  
Eventually, microstructures and microfluidics have become components of bioelectronics 
platforms, as neurons have to be immobilized and confined to sites where electrical signals 
can be recorded. The immobilisation of neurons with microstructures fabricated from organic 
polymers was investigated 150. Merz and Fromher fabricated mesh configuration of micro-
scale neuronal wells for topological guidance of axons’ growth by means of a mesh network. 
Their mesh was a small-scale network with less than 20 neurons immobilized in micrometer 
wells. The benefit of keeping electrodes right under the suspended neurons is that it may be 
possible to record action potential signal spikes with greater amplitudes than traditional 
MEA, where the electrode may be at a distant apart from dense neuron clusters 151. 
 
3.1.8. Multi-electrode Array 
MEA-LoCs can be designed by integrating MEAs into LoCs. MEA-LoCs are LoCs with 
microfluidic cell-culture, co-culture or tissue-culture chambers with electrode pads 
underneath the cultured cells and conducts connecting to an external data acquisition system. 
The design framework for designing Neuroscience-LoC and cell-culture LoCs can be used to 
design MEA-LoCs. 
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An MEA-LoC can be designed to be portable. Portable MEAs can be beneficial, even if they 
are yet to become LoC platforms with microfluidic components. An MEA-LoC, a portable 
self-contained cell-culture LoC with culture chambers and integrated internal heating and 
sensing elements or external heaters, can eliminate the necessity for bulky and expensive 
incubators, as traditional cell-culturing, stimulating and recording action potentials using 
bench-top MEA systems demand. Perfusing with chemicals, which can be carried out on 
LoCs 152, can help MEA-LoC as in an MEAs investigation. The traditional practice of cell 
culturing on MEA eliminates glial cells from the cell culture by perfusing with chemicals. 
Similarly, one of the tasks during cell culturing applications is labelling and on-demand 
perfusing with dyes, which can be done on an LoC.  
A MEA-LoC is a microfluidic platform with microelectrode arrays, microelectrodes are sites 
which cultured cells can attach to, and they are connected to data acquisition systems via 
electrical contacts. Not all electrodes are for acquiring signals from cells. Some electrodes in 
a MEA-LoC may be connected to digital to analog circuitry for stimulating cells. MEA-LoCs 
are not only for data acquisitioning of neurophysiological data, they can also be used to 
stimulate the neuronal cells with electrical signals by means of stimuli inducing 
microelectrodes. 
An MEA-LoC can be enhanced by the fabrication of optically transparent polymers, 
embedding micro-structures to immobilize neurons, so that in culturing mammalian neurons 
nature can be mimicked more realistically. Similarly, microelectrodes reaching to some 
microwells, record real-time extracellular neuronal action potentials and induce fixed or 
selected numbers of electrodes with stimulation voltage. Not all MEA systems can stimulate 
selected electrodes. In a typical MEA system, all electrodes or none are stimulated, and the 
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ability to selectively stimulate some of the electrodes is implemented only in advanced MEA-
LoCs 153.  
While integrating MEAs into LoCs, adding electrodes and electronics for signal 
acquisitioning, designs differ depending on the source of signals, either intracellular or 
extracellular action potentials. MEAs can be used instead of cell culture flasks for culturing 
embryonic neurons in-vitro so that those dissociated cortical neurons will sort themselves out 
and eventually form a nascent brain on cell-culture dishes. Gabi has investigated controlling 
growth of neurons in-vitro cultured on a chip and developing methods to control neuronal 
growth using signals driven via electrodes 154. It may be likely that rat-brained robots utilize 
innate properties of embryonic brain cells to sort out themselves when they suspended on an 
MEA dish with electrodes. Dissociated neuron networks act similarly to neurons in a nascent 
brain and in fact, they may form a crude nascent proto brain. Wheeler and Brewer (2010) 
discussed their plans to build a crude proto-brain-on-an-aggregate-of-dishes or the in-vitro 
cultured rat neuron networks on fabricated geometrical patterns inside cell culture dishes. The 
proposed design framework using SoftMABs, in this thesis, will be able to implement such 
novel concepts faster for researchers 30. 
Blum et al. (2007) investigated the importance of the spatial resolutions of electrodes in MEA 
that are used in the studies of neuronal development and plasticity. Intracellular recordings 
can be in mV range. However, the amplitudes of extracellular action potential signals from 
neurons are only in μV range. That low amplitude signals are attributed to imperfect 
couplings between neurons and electrodes. In this scenario, employing high gain amplifiers 
will not only amplify signal but also noises. Another problem is the coupling between 
stimulation signals with higher voltage amplitude, to signals that are to be recorded. The high 
input impedance can be useful for recording weak signals; input impedance will be correlated 
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with thermal noise due to the Bolzmann constant and higher input impedance will raise the 
intrinsic noise 155.  
3.1.9. Flow Control 
In an LoC, the rate of fluid flow determines the viability of the cultured cells, so varying 
degrees of precision for regulating fluid flow will be needed. While controlling the flow, up 
to pico-litre resolution can be achieved by using on-chip micro-valves integrated onto the 
LoC. In addition to that internal integration, programmable syringe pumps can be connected 
externally to control the fluid flow inside the chip.  
For some applications, where precision in time and volume of flow is not necessary, it is 
possible to use torque-screw based micro-valves integrated onto the LoC 156 to control fluid 
flows inside microchannels that are directly underneath the screw LoCs. Torque-actuated 
microfluidic valves can be fabricated by embedding tiny screws wrapped with Polyurethane 
inside a PDMS-LoC 157. 
When LoCs are fabricated in polymer with elastomeric properties, it is possible to embed 
valves inside an LoC for regulating microfluidic flow control by fabricating multi-layer 
LoCs. By fabricating flow layer and control layers, stacking, aligning and bonding them, 
microfluidic valves can be constructed  58. There are two types of configurations: push-down 
configuration, in which the control layer is on top of flow layer, and push-up configuration, 
when the control layer is below the flow layer. The physics of the push-down and push-up 
valves is that pressure build up in the control channel will push the thin polymer membrane 
separating the upper and lower layers and so will effectively restrict or totally block the flow 
in the flow layer.  
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Constructing reversible torque-actuated valves can be done without embedding screws inside 
PDMS by making a rigid test rig with two Plexiglass sheets and a LoC fabricated from 
elastomeric polymer such as PDMS. Plexiglass or Acrylic sheets can be drilled using a 
commercial drilling machine. It is possible to drill a hole with a smaller diameter, then ream 
it with a screw of bigger diameter to create threads. 
 
3.1.10. On-Chip LEDs, Lens and Imager 
 
One of the benefits of using optically transparent materials such as PDMS or glass or CoC for 
fabricating LoCs is that they can be used together with a light microscope for some 
biomedical investigations. For example, cells or embryos under in-vitro culture environment 
can be continually monitored with light microscopy. External light microscopes can be used 
and it is also feasible to integrate an Aptina CMOS Imager ASIC chip as the substrate 158.  
Additionally, other optical components can be embedded into the microfluidic platforms. 
There is also a possibility of integrating an on-chip liquid-based optical lens into LoC 
platforms that will be directly above the microchannels and planar lens, whose   
alignments are orthogonal to the fluid flow path beside the microchannels 159.  
 
3.1.11. Electronics 
On a MEA-LoC, the action potential signals from neurons will propagate via electrodes to 
signal acquisition systems. The designed electronic circuits will be dependent on the natures 
of signals, they have to acquire and process. 
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The specifications of typical extracellular action potentials will be assumed to have minimum 
amplitude 10 μV. Noise and data frequency components will be in bandwidths of 30Hz – 
3kHz and Long-term potentiation (LTP) and Long-term depression (LTD) are low 
frequencies spikes between 5 – 100Hz. However, the frequency of Spike-timing-dependent 
plasticity (STDP) action potentials may be higher – the lower frequency component will have 
some power supply noise interference in that bandwidth. Their integrated MEA system was 
built on CMOS technology, on custom etched silicon wafers. It can achieve near-parallel 
simultaneous stimulating and recording because of stimulating voltage coupling with 
amplitudes in the multiple orders of recorded voltage. Due to the stimulating voltage, artifacts 
caused by stimulation signals for inducing cells can overwhelm the biological signals from 
the induced cells. Blum et al. (2007) discussed methods to prevent and mitigate those artifacts 
attributed to stimulating signals coupling into the induced response 155. They detailed an 
approach for preventing artifacts, by reusing the charge that is stored in the capacitors of a 
recording preamplifier. The stored voltage is used to restore recording circuits in channels so 
that amplifiers will not saturate with coupled amplified signals due to stimulating voltages. 
One of the significant entry barriers for first-time investigators into neurophysiological 
research is the cost of MEA systems. The minimum cost of a commercial MEA system is 
about $50,000 (Multi-Channel Systems, Reutlingen, Germany) which may preclude its 
availability to many laboratories. The least expensive amplifier is about $10,000 (MEA1060-
INV; Multichannel Systems), and data acquisition systems that record 60 channels at 50 kHz 
each cost more than $35,000 (MC Card; Multichannel Systems).  
The high cost of MEA systems leads to alternative general purpose and do-it-yourself-
instrumentations. An example low-cost system is the USB–9237 ($1300; National 
Instruments, Austin, TX, USA). Another is the DT9814 ($418; Data Translation, 
 73 
 
Marlborough, MA, USA). However, the latter only has a quarter of the input capacity of the 
former. Unfortunately, there is a drawback to using low-cost systems. Low-cost systems are 
compromised by lower sampling rates and having fewer input channels. Although it is 
possible to do time division multiplexing by mapping several electrodes into a single channel, 
this technique requires the additional labour for system development. Therefore, resource 
constrained investigators could avoid such barriers by utilising a manual multiplexing 
technique. Serra et al. (2008) reported on preliminary studies of manually switching between 
stimulating and signal recording. The DT9814, together with a few accessories can be an 
adequate acquisition subsystem that can be prototyped for the budget of less than $600 160. 
There are attempts to combine neuronal culturing, microelectrode arrays and microfluidics 
into an integrated LoC by overlaying and bonding a PDMS slab onto a MEA. Pearce et al. 
(2005) used a MEA-60 electrode array instead of microscope glass slide onto which PDMS-
LoC with fabricated Y-shape fluid channels was bonded 7. Pearce and William (2007) 
discussed how microfluidic platforms integrated with microsystems can be used for 
neurobiological investigations 134. There are additional benefits to using micro-structures in 
co-culturing other cells with neurons. Different cells prefer different structures such as pillars 
and wells. Takano et al. (2006) deposited Ti particles onto PMMA through a mask with 
4.6μm wide micro-apertures 161. Claverol-Tinture et al. (2005) designed a MEA-chip in 
which they have attempted one-to-one interfacing of an electrode to a neuron by overlaying 
the microstructure patterned PDMS film on a dry MEA 162. The PDMS block is punched at 
the site of electrodes so that neurons will be suspended into the wells. The wells are 
connected to each other by a channel through which culture medium flows. However this 
approach will be limited by the number of channels and the spatial density of wells.  
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One of the limiting factors for neuro-physiological research is the number of electrodes on a 
MEA. Many commercial MEAs have limited number of electrodes, 64 or less. That means 
signals from no more than 64 neurons can be sampled and some electrodes will have no 
neurons on them, while other electrodes have crowded neurons. Claverol-Tinture and 
coworkers have described a protocol in which neurons were localised at target sites along 
microfluidic channels so that action potentials can be recorded from neurons trapped at those 
sites 163. Gross et al. (2007) discussed microfluidics applications in studying electrical 
characteristics of cultured nerve cells by electrodes 164. Martinez et al. (2010) fabricated 
MEA integrated microfluidic chips made of polymer to culture cardio-respiratory neurons 165. 
However, that method is not suitable for long-term culturing and investigators have reported 
that neurons have survived on polyimide surface for merely two hours.  
Integrating MEAs and LoCs for cell culturing applications has been the subject of 
investigation in both the MEA and microfluidic research communities. One of the interesting 
aspects of integrating a MEA into a LoC is that the microelectrode arrays fabricated on glass 
slides can be procured from the university research laboratories (University of North Texas). 
Therefore, by fabricating an LoC in PDMS and adhering to an MEA-etched-glass slide, it is 
feasible to combine an LoC with MEA to construct an MEA-LoC. 
A benefit of an MEA integrated cell-culturing LoC designed using SoftMABs is that 
researchers can model different organs by redesigning the LoC through reconfiguration of the 
SoftMABs. Su et al. (2015) have constructed a tissue with retinal neurons by culturing 
dissociated retinal precursor neuronal cells to understand how retinal synapses are 
regenerated. In their LoC, cells were cultured in a LoC with multiple microchannel arrays 166. 
The SoftMAB framework can be used to design such LoCs. 
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However, sometimes keeping neurons alive and retain their in-situ cellular properties in an 
in-vitro environment for an extended period of time is necessary for investigations. Neurons 
are cultured for a prolonged period, they are stimulated with chemicals, their neuronal 
activities are induced with electrodes their action potentials are recorded. Therefore, to fulfill 
such requirements, the above methods are inadequate and they are also inappropriate. Micro-
wells for suspending neurons can be integrated into LoC for immobilisation. Immobilized 
neurons in micro-wells can facilitate investigation of spatial and temporal dynamics in 
cultured neuronal networks, similar to suspending brain slices on electrodes inside MEAs. 
However, in a dissociated network where neurons can be suspended everywhere spatially and 
making it hard to study their spatial dynamics. 
 
3.1.12. Organ-on-a-Chip  
The neuronal cells, those are to be cultured on an LoC, can be categorized by the origin of 
tissue, cortex or olfactory, the source animal, rat or mouse etc., physiological function they 
perform, sensory and motor, and the type of cell culturing, whether they are the primary or 
secondary neuronal cells. Cells and tissue can be cultured inside LoCs. Beyond these, 
biologists have started culturing organs-on-a-chip. 
Cell biologists have shown interest in the laminar regime as two or more streams of perfused 
media can flow through the same micro-channel without mixing or creating vortexes 167. 
Perfusing nutrients and dissolved oxygen in laminar flow regimes is friendlier to cells than 
static cell culture mediums. Mouse embryos grown in microfluidic dynamic culture have 
achieved significantly better implantation rates than embryos grown in the static culture 168. 
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In fact, organ-on-a-chip LoCs and MEA-LoCs are similar to an MEA integrated LoC with 
unique mechanical features. Biffi et al (2011) developed an integrated platform by combining 
a two dimensional planar microelectrode array (MEA) with polymer microfluidic chips. In 
that LoC, inlet and outlet reservoirs are connected by a neuron culture chamber in between 
the two 169. 
In-vitro-proto-organs that can emulate actual organs’ functionality have useful applications. 
The cultured neural networks are investigated for their odor, drug and toxin sensing abilities 
and their potential to be sensing platforms 170. Their potential application as sensors led to 
attempts to make them portable. Biosensors based on portable neuron networks based 
biosensors were investigated 171. Both sensory neurons and non-sensory neurons were 
reported in functional roles as biological sensors 172. In additional to drug and toxin sensing, 
cultured neurons can be used as the biological model to study neural injury 173. 
Neurons respond differently to specific environments, their signals and signal patterns are 
altered when they are exposed to the different chemicals. The neurotransmitters and 
neuromodulators either incite or inhibit neuronal signals. All are chemical molecules. 
Therefore, it is possible to complement stimulation-assisted conditioning with stimulating 
electrical signals and simultaneously perfused with glutamate (glucose sugar). To study 
neurons, there is a need to design a MEA-LoC with facilities for perfusing, stimulating and 
recording action potentials.  
In addition to microelectrode arrays etched on glass slides, MEAs fabricated on glass slides 
are used as substrates for reversibly bonding with LoCs fabricated from PDMS. Glass and  
other materials can be used as substrates: silicon semiconductor, silicone polymer and the 
printed circuit boards are commonly used as substrates for bonding to LoCs. 
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Krause et al. (2006) designed a MEA-LoC by integrating silicone or acrylic based cell-culture 
chamber onto the semiconductor-based substrate with suspension sites for neurons to, adhere 
and grow when they are seeded into the cell-culture LoC 174. Using a LoC, they recorded 
electrical activities from long-term neuronal networks of mammal sources via nine palladium 
electrodes on the surface of the substrate. Their semiconductor-based neuro-sensor chip was 
comparable to MEA systems. 
MEA-LoCs can be prototyped by mounting and sealing a holed-up cell-culturing petri dish to 
the printed circuit board that has on-board heaters, sensor and electrodes. Giovangrandi et al. 
(2006) have designed a low-cost microelectrode array and heater integrated MEA-LoC for 
extracellular recording of cardiac muscle cell in culture 106. 
Passive microfluidic devices soft-lithographically fabricated from PDMS provide promising 
potential biological applications for affordability, flexibility and accessibility. Microfluidic 
devices recently found applications such as to replace clinical trials. The suitability of a 
laminar flow regime for in-vitro cell cultures such as organ-on-a-chip LoCs were investigated 
175. 
Current cell-culture LoCs need to catch up with traditional MEAs in long-term cell culturing. 
Traditional MEAs can facilitate longer in-vitro cell culturing. However, the traditional cell-
culturing technique that utilize petri-dishes, culture flasks, oxygen, carbon dioxide, thermal 
and humidity regulated incubation chambers may not suit the needs of all researchers 11. 
A basic MEA-LoC can be designed by developing a microfluidic cell-culture platform, 
integrating it with electrode array and interfacing with the back-end modules of an MEA or 
an amplifier and commercial-off-the-shelf DAS. One of the benefits of SoftMABs reported in 
this thesis is that several MEA-LoCs can be designed, fabricated, connected and cascaded. In 
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an advanced MEA-LoC, not only it is possible to culture neutrons and investigate their action 
potentials, but more advanced tasks such as 3D cell culturing, co-culturing, neuronal network 
forming with chemical cues, and emulating neuron migratory behavior can be investigated. 
Some LoCs have micro-wells with signal recording and stimulating electrodes integrated 
inside the LoCs. Such LoCs can be useful research tools in neuroscience investigations. 
In cell culturing, primary cells and secondary cells are cultured. Primary cells are the cells 
from primary sources such as dissected animal organs. Secondary cells come from cancer cell 
lines. Both primary cells from dissected brain tissues and neuronal secondary cells can be 
cultured on LoC platforms, as they still exhibit functional behaviours of neurons similar to 
primary cells. For example, the secondary rat pheochromocytoma cells (PC-12) exhibit 
migratory behaviours 176. In such scenarios, the dimensions of neuronal wells will be an issue 
as giant PC-12 cells with multiple nuclei can be up to 300μm in diameter compared to 10-
20μm dimensions of unfused cells. PC-12 cells may be greater in size than neuron wells.   
Culturing primary cells can create more realistic in-vivo conditions. Generally, neurons from 
a pre-natal, embryonic day-18 rat cortex are used to create neurons-on-chip LoCs in 
investigations utilising MEAs and embryonic neurons. However, by means of reverse 
differentiating process, cells from secondary-lines can be potentiated back by the treatment of 
chemicals so that they can migrate like primary cells. Those MEA-LoCs can advance 
neuroscience as they can lower the entry barriers for researchers as these types of cells can 
avoid ethnics committees’ approvals and allay the concerns of animal right activists. 
Avoiding embryonic neurons can reduce costs.  
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3.1.13. Re-Configurability 
In digital microfluidics, re-configurability of microfluidic paths was investigated. When a 
droplet path, the PCB track, is damaged, it is possible to rearrange the travel path by routing   
droplets to destinations via redundant paths. Similarly, in continuous-flow microfluidics, to 
overcome challenging issue that were one of blocked fluidic paths, the feature for redundant 
fluidic flows in SoftMABs can be achieved by having more than one chamber. 
Su and Chakrabarty have designed a reconfigurable digital microfluidic chip 177. They have 
achieved reconfigurable platforms by designing spare cells in the module. Four white spare 
cells were added in the array. Using those spare cells, locally reconfiguring of droplet travel 
paths are achieved. The mixing fluid flow path was reconfigured by using spare cells to 
reroute the droplet path. The mixing operation was done by the droplets that were moved to 
each end of the mixer, and combining in the middle. 
In the software design and implementation, building a developed software applications starts 
by designing the software program, and building it into executables. Run-time or execution-
time, post implementation time re-configurability can be achieved by calling in the software 
components based on user interaction or events triggering. Such execution-time re-
configurability is desirable for LoCs. 
Currently, in designing and fabricating continuous-flow microfluidics based LoCs, re-
configurability can be achieved at design-time. After the fabrication, re-configurability 
cannot be achieved with the existing design and fabrication methods, but by using 
SoftMABs, re-configurability can be achieved. 
Re-configurability in LoCs, at operation-time or execution-time, can be achieved in 
fabricating LoCs using PDMS material and soft-lithography methods, after the LoC is 
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designed from configuring SoftMAB blocks. One simple way to do this is to embed screws 
above fluid flow paths during fabrication time 99. If a LoC with control channels fabricated 
from PDMS is stacked onto another PDMS-LoC with a flow channel, manipulating the 
pressure in control channels can restrict the flow in the channel. Increasing the pressure in 
control channel can transfer the pressure into an elastomeric polymer to reduce the cross 
sectional area of the flow channels, thus restricting the flow. Cell culture fluid can flow inside 
channels that can be in the layer above the control channels, provided that the LoCs 
developed by the assembly of SoftMABs contain a layer of control channels acting as electro-
actuated valves and conducting medium filled channels in the layers stacked above or below 
the flow layer.  
By using SoftMABs, LoCs with layered flow-controls can be prototyped by fabricating 
SoftMABs into pre-fabricated SoftMABs, hardened SoftMABs, then by aligning and stacking 
them to make LoCs. There are microdevices, such as a DMD (Digital Mirror Device), that 
can be used for execution-time re-configurability, Shirasaki et al. (2013) have demonstrated 
the thermo-elastic properties of hydrogel and DMD for run-time re-configurability of flow in 
an LOC 178. 
 
3.1.14. Networked Cell-Culture Platforms 
There are some types of instrumentations that will benefit researchers if miniaturized into 
LoCs, as not only can costs be reduced, but devices can become disposable. These sorts of 
one-time consumable LoCs that can be used in place of traditional instrumentation will be 
useful. Neuroscience researchers have reported that embryonic neural stem cells cultured in-
vitro on MEAs may be developed into a proto-brain, with small neural networks functioning 
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physiologically and cognitively as basic brains. Those pre-natal neural stem cells might 
arrange themselves to form in the brains of embryonic rats.  
In developmental neurobiology, multi-potent neural stem cells divide into oligopotent 
neuroblasts and stem cells. Those cells can differentiate into various types of cells. A 
neuroblast can differentiate into either a neuron or glial cell. The time duration it would take 
for differentiation will depend on chemical, electrical, surface contact angle, surface energy 
and topological properties of the cell culture chamber. The rate of division might depend on 
nutritional supplies, which they will get from cell culture medium that is perfused. Stem cells 
divide into daughter stem cells and neuroblasts.  
Neuroblasts differentiate into glia and neurons inside fluid-filled ventricles of a young 
developing brain. In a natural environment the glia will function as mechanical scaffolds. By 
means of glial cells acting as guiding channels and supporting structures, newly differentiated 
neurons migrate along their paths to reach a brain area known as ‘neocortex’. A neuroblast 
can propel itself by the movement of its flagella. Molecular sensing receptors on the 
membranes of the migrating neurons will detect the signals diffused from the chemicals into 
the surrounding environment. Those chemicals can be used in the cell-culturing environment 
to manipulate the migration paths of neurons. The placement of chemicals cues in the 
topographic environment can be used to repel or attract neurons. Kiyohara et al. (2009) 
investigated self-sorting of neurons in early DIVs. The mobility of neurons can be affected by 
topology, geometry, gradient, density, and the presence of chemicals in a microfluidic 
platform 179. 
Similarly, the neuronal migration and molecular mediated migration path, along which 
neurons migrate assisted by glia cells, were investigated by Kleinfeld and co-workers. 
Shallow and round wells on a planar mesh configuration connected with channels from each 
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well and it was assumed that seeded cells and newly divided and differentiated cells could 
swim because in early in-vitro weeks, cell bodies and processes are still mobile. Kleinfeld et 
al. (1988) developed a protocol for patterning cells into dissociated neuronal networks. When 
neurons were differentiated from stem cells in neurogenesis, they were guided to suspension 
traps guided by chemical cues. After arriving at suspension sites, they were immobilized in 
wells where they were cultured in-vitro until they would be harvested 180. 
However, neurons from secondary sources, such as cancer cell lines, are also used for cell 
culturing. Unlike embryonic primary neurons, which exhibit self-sorting behaviour. Neurons 
from secondary cell lines may no longer exhibit migratory behaviour. After the migration and 
mobilisation of neurons, their axons will try to connect to one another by exploring growth 
cones. These growth cones will steer axons of neurons. Taba has investigated the neuronal 
growth cones and the effect of structural and chemical manipulations 181.  
It may be possible for neuronal network LoCs to mimic nature. When neurons are seeded into 
the neuron culture LoC, they might spread out before suspending to the cell culture substrate 
for self-patterning process. This cellular movement in-vitro cell culture may resemble 
neuronal migration in a developing embryonic brain. Seeded neurons will migrate, in-vitro 
neurogenesis, before trapping at well sites or sieved at pillars, and grow. This can be achieved 
by the configuration of chambers, the widths and profiles of channels, and diffusing signals 
from pre-packed chemical cues and perfusing culture media and chemicals. In those in-vitro 
environments, cultured neurons may mimic neurons in a nascent brain in a young animal, or  
function partially as a brain, instead of merely surviving and functioning as neurons in a 
dissociated cortical neuronal network.  
However, a planar cell culture microenvironment is inadequate in to mimicking the natural 
cellular environment. Two dimensional planar cell culture substrate cannot reflect in-vivo 
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settings 164. Three dimensional microstructures are essential to emulate in-vivo conditions for 
cells. Three dimensional cell-culture environments can be created by means of soft hydrogel 
materials, collagen, or stacked layers of actual biological cells.  
Not only could neuroscientists deposit cells and tissues into LoCs for culturing, monitoring 
and studying for periods of time, but also animal embryos and whole animals can be 
embedded into LoCs for studying them. If LoCs and electrode arrays are fabricated with a 
transparent polymer, such as PDMS, which allows breathing, such LoCs can be used for 
electrical measurements and morphological observations. It should be consumable, portable. 
Contamination in cell-culture can be detectable by means of PCR-LoCs if they are connected 
in the downstream of cell-culture LoCs. 
3.2. Integrating Peripheral Systems 
Flexibility in designing LoCs can be achieved by incorporating commercial-off-the-shelf 
(COTS) systems. Sometimes, investigators may find that procuring and integrating the COTS 
into their lab-built systems will be a more cost-effective, time-saving and innovative 
approach. System integration approach can be used. A design framework that could facilitate 
researchers to integrate protein blots, packs, hydrogel materials and cell gel blocks or a tissue 
slice into a LoC will be useful for cell-tissue culturists. 
 
3.2.1. Commercial-Off-The-Shelf Systems 
Integrating commercial-off-the-shelf systems (COTS) or open-source hardware and software 
design frameworks can benefit LoC designers and accelerate the design process. Third party 
hardware and software can be integrated at the system level or sub-system levels.  
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If LoC designs are flexible, COTS and open-source technologies such as commercial multi-
channel MEA Systems, MEA-dishes, light microscopy glass slides, signal conditioning 
hardware, data acquisitioning and collecting software, spike-sorting software can be 
integrated with LoCs. Therefore, one of the design goals of a LoC design framework is 
flexibility.  
Microfluidic modules, those can be combined to design new LoCs, can facilitate researchers 
to integrate new technologies with microfluidics platforms. For example, a PDMS-LoC 
designed with SoftMABs and fabricated with soft-lithography 31 can be irreversibly bonded a 
glass slide with etched electrodes, an MEA-glass-slip to construct an MEA-LoC.  
Serra et al. (2008) developed a low-cost front-end for an MEA data acquisition system. An 
MEA1060-INV amplifier ($9500, 1200 fixed-gain, 1–1000Hz bandwidth; Multichannel 
Systems) was connected to a signal divider unit that costs about $250 from Multichannel 
Systems. Although a signal divider provides easy access to the outputs of 60 amplifiers, the 
system was shipped with only four mini-banana-plug-type connectors. Higher number of 
connectors will lead to higher expenditure. Four connectors will facilitate three channels, 
since a connector serves as the common ground 160.  
Although it is possible to use a single ground as the reference datum for measuring voltage, 
sometimes more than one channel will be needed as a reference ground. In those 
configurations, the number of channels will be lowered if more than one signal ground is 
needed. Another alternative is to use a DT9814 which is sold at about $418 (Data 
Translation, Marlborough, MA, USA). However, the DT9814 has only one quarter of the 
input capacity of the former system. DT9814 comes with 12-bit A/D channels those can 
digitize signals at a sample rate of up to 50 ksps. 
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3.2.2. Analog Front Ends 
Analog-front-end (AFE) systems remove noise, amplify weak signals and convert signals 
from analog to digital for digital-back-end (DBE) systems. An AFE is designed as a chain of 
signal processing electronic devices and circuits consist of filters, amplifiers, ADCs and a 
serial link to transfer data to a DBE via serial communication or by means of direct memory 
accesses (DMA), by DMA subsystem transferring ADC readings directly into the memory 
area of the microcontroller unit, which is the computing platform of DBE. On MEA-LoCs, 
after the action potential signals conduct across the electrodes, they are picked up by AFE 
systems before being processed digitally. AFEs are traditionally prototyped with resistors and 
capacitors, operational amplifiers and analog-to-digital converters (ADCs).  
One of the issues in designing AFEs is in the complexity in designing the cascaded chains of 
electronic circuits. Therefore, there were attempts to simplify the chain of acquisitioning and 
processing action potential signals 182. The chain of amplifiers can be cascaded before ADCs, 
to amplify the signals 100-1000 times before A/D conversion. The traditional two-stage 
amplification in MEA systems will not be necessary if the resolution of the ADC is adequate, 
meaning that A/D system needs to have more effective number of bits.  
For example, an M-Series data acquisition card, from National Instruments, comes with a 16-
bit resolution and the range of +/- 100 μV, and it can sample the minimum resolution of 3 
μV. If the input impedance is high, say greater than 10 GΩ, a single amplifying stage will be 
adequate. An amplifying stage with gains of 100 or 1000 times that can increase filtered 
signal amplitude in required bandwidth should be adequate. If a data acquisition system uses 
a low-resolution A/D system, then high-gain amplifications have to be done to the signal to 
condition it for the next stage. Texas Instruments OPA-4277 quad op-amps are used as the 
signal amplifiers for low-noise (1.1 μV rms noise for the bandwidth between 1 and 10 kHz, 
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high precision at +/-10 μV with voltage supply rails range from +/- 2 to +/- 18 V. However, 
their system could lead to signal distortions in the 1 to 10 kHz bandwidth region. 
Also, designing AFEs with multiple signal channels has been another challenge. Hafizovic et 
al. (2007) designed a MEA system for simultaneous data acquisition from an array of 28 
channels, each channel is designed to achieve analog to digital sampling and converting rate 
of 20 kHz at 8-bits resolution, 128 bi-directional electrodes 153. Their system was built on a 
single IC FPGA platform (Xilinx Spartan II XC2S200).  
However, the limitation of the system is that its 8-bits A/D resolution will reduce sensitivity 
of the MEA. On the other hand, a 12-bits A/D system with a 5V reference voltage span can 
achieve the resolution of 1mV per A/D reading. The dynamic range will be reduced if the 
number of bits in the A/D system were reduced. For 16-bits A/D system, the effective range 
for A/D will possibly be reduced down to 12 bits if the noise is taken into consideration. 
In designing an MEA-DAS, one of the design issues to be considered is the sensitivity of 
measurement circuits. The sensitivity is defined as the smallest absolute amount of change in 
signal that can be detected. Another issue is that linearisation of the A/D convertor. In some 
A/Ds, analog to digital conversion is not linear across the range of A/D reference voltages. 
Therefore, a linearisation coefficient must be computed or stored, as a look-up table during 
implementations. 
Higher resolutions of A/D channels can be achieved by adding closed-loop gains by and by 
reducing A/D reference voltage. The range of 0.1–1mV peak-to-peak was amplified to 1-
3000 times. An amplification stage can be removed by an increase in resolution by using 
higher resolution A/D systems. For example, by using a 16-bit A/D converter, signals of 
lower voltages can still be sampled and converted from analog to digital. However, an 
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amplification stage will still be needed to amplify the signals after passing through low-pass 
filters.  
When designing a data acquisition system, amplifier chains can be cascaded so that overall 
amplifier gains will be the product of each amplifying stage. While amplification gain is 
important, it is necessary to make sure passbands of cascaded amplifiers will pass signals of 
interest. In the case of action potentials, the bandwidth of neuronal signal frequencies is from 
200Hz to 100 kHz. After amplifying and passing neuronal spikes, they are to be sampled and 
digitized. Theoretically, sampling and converting analog neural signals to digital samples 
requires sampling to be done at Nyquist rate, 200 kHz. However, due to the nature of the 
signals, it might be possible to under-sample them at about 50 ksps per channel, as analog to 
digital converters come with multiple channels. The digitized data is stored for further 
analysis.  
Since the neuronal signals are in the micro voltage range and the reference voltage of ADCs 
are about 3V, analog gains of 1000 will be necessary when resolutions of AD conversion 
systems are less than 12 bits. For a 2.5V internal reference, the minimum resolution 16-bits 
ADCs can achieve is 40μV. While a 12-bit ADC device can convert an analog signal with a 
resolution of 64μV, if an 8-bit A/D system is used, the highest resolution that can be achieved 
is only 10mV. 
In a typical setup, analog gains of 10,000-40,000 are applied to amplify a signal of 20 μV to 
reach 1-2.5V so that they span the range of the A/D converter. A band width 200-20,000 Hz 
is sufficient for spike detection and identification. Recording electrodes may be used for 
passing local stimulating currents. Data is digitised and stored for later analysis by A/D 
boards at the sampling rate of 100 ksps per each channel.  
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One of the design challenges of MEAs and AFEs is that electrodes deteriorate when they are 
exposed to culture media. Researchers have incorporated real-time measurement and 
monitoring of electrode impedances into MEA designs. Microelectrodes with on-chip 
impedance measurement circuits are designed 183. Neural engineers who design in-vitro 
signal processing circuits can learn design techniques from in-vivo tool chain designs. For 
example, a loosely connected and lengthy cable between electrodes to amplifiers before A/D 
converters will create artifacts. Cable movements create artifacts. In such environments, 
amplifier head-stage with signal buffering can reduce artifacts. Designing AFEs with 16-bit 
A/D resolution and using OPA4277 quad op-amps can eliminate an amplification stage from 
the signal chain. A data acquisition system developed based on a microcontroller with a 16-
bit A/D subsystem will be useful for in-vitro and in-vivo AFE systems. 
Obeid et al. (2004) developed an in-vivo neural instrumentation device with a multiple 
channel analog front end and (AFE) and digital backend (DBE) 184. For the AFE, Analog 
Devices AD706 multiplexers were used, each of which has 8 channels, and 12-bit resolution. 
An AD7495 with a maximum peak sample rate at 1000 ksps per 16 channels and 62.5 ksps 
A/D conversion for channel were used. Maxim 4253 and 4199 op-amps were used as 
preamplifiers and a Microchip MCP604 in the high-pass filtering stage. For DBE, CPLD and 
CMOS technologies were employed. On the other hand, Wagenaar and Potter (2004) 
developed RACS stimulation system 185. Wagenaar et al. (2005) developed MeaBench 
software 186. Rolston et al. (2010) designed the NeuroRighter, an open-source neural signal 
recording and stimulation software and hardware for the acquisition of action potentials for 
both in-vitro and in-vivo recordings 140. 
If PCBs are part of the MEAs, then while designing AFEs for MEA-LoCs, neural engineers 
must consider printed circuit boards on which electronic components are assembled and 
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soldered as the part of the AFE design. Artifacts attributed to signal crosstalk across channels 
should be reduced by designing and fabricating PCBs for noise reduction design goals. 
In addition to prototyping AFEs on traditional PCBs, innovative ways of designing AFEs are 
attempted. Sriprachuabwong et al. (2010) fabricated Resistor-Capacitor (RC) circuits – RC 
circuits are the fundamental building blocks of frequency filters and signal preamplifiers – by 
directly printing conductive inks on PET substrate circuits can be prototyped on a substrate 
187. Such and similar substrate types can be used as part of MEA-LoC. A thermal inkjet 
nozzle fitted Canon IP 4500, high resolution photo inkjet printer, was used by them to 
fabricate RC circuits on the PET substrate. The ink for the capacitor that was used for direct 
printing was Ethyl-2-cyanoacrylate. The low-pass filter printed can reject frequencies higher 
than 10 kHz, the upper limit of the signal in frequency spectrum for action-potential spikes. 
The printed circuits were characterized with function generators and oscilloscopes; the pass-
band amplitude was not attenuated, even when circuit boards are bent, making them suitable 
as flexible sensors.  
After AFEs are designed and prototyped, they have to be verified. The characterisation of the 
cascade of filters and amplifiers and A/D converter chain can be done by using a waveform 
generator. Alternatively, using a microcontroller and its peripheral, writing a firmware 
component that generates signal and waveforms via the digital-to-analog converter can be 
designed as part of the self-test circuitry in AFE design.  
3.2.3. Neuronal Stimulation 
Neuronal stimulating systems are part of a MEA and designers of MEA-LoCs must design 
stimulation systems. Jimbo et al. (2003) investigated challenges researchers face when 
designing stimulating systems in MEAs 188. Since electrodes are immersed in the culture 
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medium and they a subject to chemical reactions for a long period of time, MEA designers 
must consider varying electrochemical contact into accounts in electrodes and electronics 
design. In order to increase the SNR in the AP recording due to artifacts (coupling) from 
stimulation as stimulating voltages are in the 10th to 100th orders of recording signals, design 
methods to decouple artifacts are introduced.  
Gabay et al. (2007) highlighted the improvement in SNR due to improved electrochemical 
properties 189. They have reported on the relationship between electrode impedance and noise, 
where intrinsic noise will be the square root of 4 times the product of Boltzmann constant, 
temperature, electrode impedance and bandwidth.  
While integrating electronics for recording and stimuli inducing, eliminating electrode-to-
electrode capacitance will be crucial as stimulating voltage will charge the stray capacitance. 
Another artifact that is an issue in designing stimuli inducing and recording circuitry, is that 
inducing stimulus voltage, the multiple order of the voltage potential coming out from 
neurons. The interference artifacts from stimulation can be eliminated by two methods, either 
by placing a sample-and-hold circuitry in front of the recording amplifier, or by disabling the 
recording while the system is stimulating.  
The interface circuit was built with an integrated stimulation pulse generator that will switch 
on and off the functionality of sample-and-hold, addressing and stimulating. The system will 
disconnect the recording circuitry while stimulating with a signal, which has at least 10 times 
the order of magnitude of the recording signal’s amplitude. They called this method “the 
stimulation interference artifacts prevention” technique. Another way to suppress artifact, is 
to use software to remove decouplings from stimulating signals. Wagenaar and Potter (2002) 
developed the SAPLA framework, a software-based online real-time artifact suppression 
algorithm 190. Escolá et al. (2008) developed a Neural Network Simulator, the SIMONE 
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framework, to realistically reproduce the recordings of neuron spikes from a MEA 191.  The 
downside of these approaches is that post-stimuli spikes will be missed. There are safety 
limits for stimulation voltages to protect electrodes. Blum and team integrated capacitors to 
recharge to a pre-stimuli charge level. The integrated circuit can integrate Sample-and-Hold 
circuitry into CMOS which was driven by a Microchip PIC 18LF452 microcontroller, a 
DAC8420 digital-to-analog converter, and additional LF347 amplifiers cascaded to integrated 
amplifiers. Their 16-channel VLSI system was fabricated at Taiwan Semiconductors, a 
semiconductor fabrication facility. 
3.2.4. Digital Back Ends 
After signals are filtered, amplified, and digitized, the next step is to process and present 
them. A Digital Back End (DBE) is used for processing signals, presenting and storing raw 
and processed data. In some designs, DBEs may have an integrated system for stimulating 
neurons. A DBE can be prototyped with electronic circuits and software frameworks: human 
machine interface, stimulating module, data acquisitioning software, real-time or off-line 
signal processing, presenting spike data to user, archiving and retrieving to and from the 
storage media.  
The off-line signal processing can be done using computing software tools such as Matlab. 
However, if signal processing and data presenting were to be done in real-time, the system 
has to be prototyped using real-time high performance computing system technologies or 
platforms.  
Coping with the demanding tasks of signal converting, sampling and processing, high 
performance digital electronics and firmware are needed. Therefore, signal sampling, 
converting to digital domain from analog domain, distributed and parallel signal processing 
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circuits implemented on field programmable gate array (FPGA) systems, real-time systems, 
and multi-threading systems are needed for those tasks for real-time processing and 
presenting. 
Offline signal processing, recording and stimulating can be done with National Instruments  
DAQ hardware and software tools such as LabView and Matlab. DAQ and LabView are used 
for rapid prototyping. Rolston have developed low-cost system that is prototyped at one-sixth 
the cost of a commercial system. Data acquisitioning system (DAS) may be a PC based 
system or a stand-alone embedded system connected to a PC via hi-speed USB/FTDI. 
In MEA research, although commercial-off-the-shelf data acquisition system (DAS) are 
available, developing a real-time DAS based on high-performance computing systems, or 
real-time systems, or reconfigurable computing systems such as field-programmable-gate-
arrays (FPGA) will be needed. Those application-specific DAS are needed to be designed if 
the DAS needs to perform more than digitising signals, archiving samples, processing and 
presenting signals off-line. For example, a specially designed high-performance DAS will be 
necessary when neurophysiological signals need to be processed in real-time.  
However, designing a high-end research-grade DAS is a perplexing task. In fact, the 
designing multichannel data acquisition for biological neuronal signals from cells, shares 
similarities with designing hardware for data acquisition of high-energy Physics research. 
The expertise and the experience of technological infrastructure tooling from Physics 
investigations will be useful for designing extracellular action potential recording systems. 
Likewise, an integrated device that can interface neuronal cells to electronics and software 
will be useful in fundamental research and in industrial applications. However, there are 
established standards and interchangeability such as HDF-5 data storage format which is 
commonly used for data storage in oil industry. 
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Moreover, there are open-source middleware packages those can be utilised to prototype a 
DBE. Yasu et al. (2007) reported their data acquisition middleware. Third-party tools and 
COTS systems can be integrated to open-source frameworks to create a DAS 192. 
One of the challenges in MEA design is that the spatial density of an MEA needs to be 
increased in order to collect data from neuronal network or brain tissues cultured on it. A 
very high spatial density MEA can be achieved by fabricating electrode arrays on a Silicon 
wafer. Kovacs (2003) and Heer et al. (2004 and 2007) have investigated the CMOS arrays on 
the integrated single chips. Kovacs (1994) developed a model of microelectrodes and the 
interactions between electrodes. Similarly, CMOS-MEA systems are fabricated. Heer et al. 
(2006) constructed a single-chip system with a 6.5mm by 6.5mm single CMOS neural 
interfacing chip. In their work, the construction of an industrial grade 0.6μm CMOS 
processor fabrication task was subcontracted to a third party fabricator 193. 
In a MEA-DAS, a real-time operating systems can be useful as the base platform for making 
a digital back end (DBE) that processes signals and presents them in real-time, or near real-
time. One of the important metrics of a real-time OS is its worst-case latency. The real-time 
RT-patch modified kernels for the Linux Operating System can achieve the worst-case 
latency from 14 to 27μs for Kernel versions: 2.6.17 and 2.6.23.1, an improvement from the 
maximum latency of 1697μs of vanilla plain non-real-time 2.6.27 kernel 194. Similar to the 
RT-patches, Xenomai-Adeos framework can be used for the real-time kernel. It is feasible to 
patch and build an Ubuntu-OS with a real-time kernel, which can achieve a hard real-time 
performance with worst case latency of 10μs. Therefore, Xenomai-Adeos-patched hard real-
time kernel/Ubuntu-OS can be used for developing a DAS based on a low-cost COTS tools 
and technologies. 
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Processing signals acquired from multiple channels in real-time needs parallel computing 
systems. FPGAs can be used as digital platforms for DBE it is feasible to implement a 
parallel computing system with interconnected digital logic gates on FPGA. On the other 
hand, prototyping a distributed parallel computing system for real-time signal processing is 
more challenging. FPGA are an appropriate computing platform for multi-channel systems 
for their ability to process signals in parallel. Other benefits of FPGAs are their re-
configurability and ability to run system-on-chip (SoC) systems. A real-time Linux kernel 
with Ubuntu or Debian Linux can run on a system-on-a-chip (SoC) such as an ARM 
microprocessor soft-core running on an FPGA. 
In addition to commercially available research grade instrumentation from vendors such as 
Multichannel Systems, there are public domain software packages that can be useful for 
improvising MEA instrumentations. Abdoun et al. developed the NeuroMap, an open-source 
software package for the spatio-temporal mapping of MEA data to electrodes 195. Ince et al. 
(2010) also developed open-source software tools for the processing and analysing neural 
data 196. 
Similar to signal processing and spike-sorting software packages, there are frameworks for 
stimulating systems. Jain and Muthuswamy (2008) designed a wave-form generator and an 
interfacing hardware that will route electrical signals from electronics to neurons through 
electrodes to stimulate them and transfect them. They used an microelectrode array (MEA) 
platform for the targeted neuronal transfecting and recording 197. 
In addition to system level programming languages such as C, C++ and designing acquisition 
hardware, there are alternatives technically less challenging for non-professional system-level 
software engineers. By using PC-based instruments such as the USB-ME 128 from Multi-
Channel Systems and applying fourth generation software engineering tools such as Simulink 
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Real-Time toolkit (MathWorks, United States) for generating ANSI-C code which can be 
compiled into executable software, it is possible to implement a closed-loop system for MEA 
without having in-depth software development skills. 
Electronics and software are essential technologies to be used with microfluidics in LoC 
designs. Electronics instrumentations that are to be used with LoCs are designed in such a 
way that subsystems are modular and interfaces are standardised so that the output of a stage 
can be fed into next stage. Independent tools from vendors can be integrated. For example, it 
is possible to integrate an AFE system designed in-house to a commercial DBE. Therefore, 
the only remaining domain that still lacks standardisation and modularisation is microfluidic 
design. 
The stage of a complete Neuroscience LoC are sterilising and preparing of brain cells, 
seeding, suspending, perfusing for long-term in-vitro culturing, regulating in-vitro 
environment: temperature, CO2, O2 and moisture, detecting contamination and intervening, 
harvesting cells and molecules, electronically acquiring data after electrical stimulus, 
processing chemically, detecting pathogens or genes, processing, archiving and presenting 
signals.  
 
3.2.5. User Interface 
After signals are processed, the results of processed data have to be presented to the user. The 
human-machine-interface (HMI) software is the facade to the user, the last part of the chain 
of systems, starting from LoC, analog-front-end (AFE), data acquisition system (DAS) and 
digital back end (DBE). A HMI can be developed in high-level languages such as a Python 
based Qt framework, a C/C++ based Qt framework, a Borland C++ framework or a Matlab 
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toolkit. In case of neuronal signals, it is important to recognize which signal comes from 
which electrode pad at what time in relation to another signal. Therefore, there is a need for 
spatial mapping and time stamping of acquired neuronal signals.   
In improvising one’s own instrumentation, there are a few design issues to consider. One of 
these is transferal and storage, for data to be stored onto persistent media and to be 
transferable across systems, there will be a need to develop a communication protocol and a 
scheme of serialising and marshalling, de-serialising and un-marshalling of objects for 
sequential data to be stored to and retrieved by different systems. The serial communication 
protocol will specify what bit patterns define the start of the frame, the length of the frame, 
the checksum of the header, the data bytes as payload and the checksum. The Serialiser-
Serialisation (object marshalling) software framework is to share software objects with data 
between different computing systems. Data transfer from the signal acquisition system and 
data processing and presenting system must be implemented. The data acquisition system 
may be an embedded system with I/O peripherals and data processing and presenting may be 
done on a desktop or laptop. Serialising or marshalling software objects is used to store data 
across serial communication links and storage on persistent media and for processing and 
presenting on HMI user interface. For storing data, there are established industry standards 
for archiving and retrieving neurophysiological data. Recorded action potential spikes can be 
processed and archived in HD-5 format for further processing in the future. Another design 
issue is to decide whether processing signals will be done in an on-line real-time manner or 
an off-line manner. If signal processing is done in a real-time manner, real-time high 
performance computing systems should be considered. 
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3.3. Microfluidic Design Frameworks 
Designing the whole chain of systems from microfluidics to MEA to circuits and software 
tools will be complex and challenging. There are industry standards for inter system 
interfaces. There are data acquisition systems that can be bought. It is possible to use COTS 
devices and software frameworks to design infrastructure that is to be used with LoC. 
However, there is no standardisation and modularisation in designing microfluidic parts of 
LoCs. Therefore, a microfluidic design framework is needed that can provide LoC designers 
with flexibility, reusability and scalability. 
LoC researchers have recognized the need for simplification of microfluidic platform design. 
There have been attempts to adopt standard engineering practices, analysis and synthesis. 
First, analysis is used to study a microfluidic platform and break it down into modules. 
Second is synthesis of newer designs by integrating those modules as components in 
designed frameworks. Modularisation and integration of modules by assembly is the 
approach taken.  
Microfluidic researchers have attempted to modularize common continuous-flow 
microfluidic components. Rhee et al. have created Modular microfluidic blocks and they have 
used their pre-fabricated modules to assemble into a whole microfluidic platform 198. To 
improve the assembly process, Langelier et al. have added latches to slot in 199. However, to 
address design issues of using pre-fabricated microfluidic modules such as shrinkage, 
mismatch of heights and ports, etc.. K. Soe et al. (2011) reported their software based 
microfluidic design framework 31. The SoftMAB framework has addressed the short comings 
of pre-fabricated microfluidic modules. Later, there are continued attempts to modularize 
microfluidic designs with fabricated microfluidic elements 200. 
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There were parallel attempts to create drop-let based digital microfluidics design framework. 
Grissom et al. (2012) have investigated a graphically aided design framework for 
synthesising digital biochips 201. However, that design framework could not be used to design 
continuous-flow microfluidics based LoCs. There are two types of microfluidics for LoCs, 
which are continuous-flow microfluidics, and discrete microfluidics. In digital microfluidics, 
instead of the liquid flowing inside microfluidic channels, droplets are moved from electrode 
pad to pad along paths by means of electrical fields. 
Also, there were attempts to introduce configurability for fault-tolerance into designing 
digital microfluidic LoCs (DMF-LoCs). Su and Chakrabarty have designed reconfigurable 
digital microfluidic components into a new LoC layout, a new spatial arrangement to avoid 
using defective cells to improve reliability. However, that DMF-LoC design technique did 
not utilize the modular microfluidic blocks. There are no reports that introduce modules in 
designing DMF-LoCs 202. 
The flow gradients are useful for the health of the cells in cell culturing in LoC. Gradients can 
facilitate neuronal migration. They can be used for manipulating in-vitro cell culture 
environment in mimicking neurogenesis phase of neurons being cultured. Those new findings 
of useful of flow gradients lead the need for gradient generating devices. The flow gradients 
can be generated in microfluidic platforms, without active components, by means of spatial 
arrangement of microfluidics channels 203.  
To achieve the desired concentration gradients in fluidic streams, gradient generators were 
modularized and they were connected with flexible plastic tubings so that by the time they 
flow into the mixers there will be flows with different concentrations 204. However, the 
modularisation and integration approach presented in that work is not compact and 
integration is not seamless. 
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3.4. Construction of Microfluidic Platforms  
A cell-culture LoC can be designed by fabricating and stacking PDMS-LoC layers. After 
fabricating PDMS layers, aligning and stacking them, a multi-layered LoC can be 
constructed. Kang and colleagues constructed such a cell-culturing LoC for seeding 
embryonic stem cells and keeping them in-vitro for their division, growth and differentiation 
205. The harvesting of differentiated cells will be done by flipping the PDMS chip upside 
down so that 8-12 cells in each well are stuck to the docking side will be suspended on the 
other side, so that they can be sucked out via channels. The need to align and to stack 
fabricated layers can lead to mismatch and misalignment between microfluidic features on 
the layer above and below. 
Yu, Horowitz and Quake (2013) have designed a microfluidic flow control device, a digital-
to-analog converter (DAC) on-chip fluid flow controller. Such a multi-layered microfluidic-
DAC will be useful for controlling the fluid flow from a digital microcontroller 206. 
Noh et al. (2011) discussed generic configuration diagram that can represent biosensors. 
After signals and recognizable properties are transformed by biosensors, the output of a LoC 
will be the electrical signals that can be cleansed and conditioned by an AFE, sampled and 
digitized by a DAS, processed and presented by a DBE and interact with humans via a GUI 
user interface 207.  
For embedding on-chip fluid regulation components internally onto a LoC, Unger et al. 
(2000) integrated differential pressure driven valves and pumps on a LoC chip, creating two 
layers of partially cured PDMS slabs with different base-to-catalyst ratios and stacking them 
1.  
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After fabrication, the flow in microfluidics will have to be verified and the LoC design has to 
be validated. The verification can be done prior to the fabrication by means of numerical 
validation or visual observation at post-fabrication stage. Leslie et al. (2010) devised a simple 
method for evaluating one’s own microfluidics design and chips using dyes 208 and that can 
be used for post-fabrication time flow verification. 
Even in the domain of passive microfluidics, without active components such as valves and 
pumps, it is possible to create the necessary pressure differentials. Passive microfluidic 
devices without valves can still have differential pressure driven valves, air pressure driven 
pumps and gradient generation with varying channel widths. For example, an open-ended 
beam fabricated in PDMS using soft-lithography that is stacked on another layer, can 
effectively form single directional pressure differential valve. Reservoirs punched into PDMS 
and prefabricated different channel widths can create flow gradients. The elastomeric 
property of PDMS can be utilized as valves those controlled externally using torque-actuated 
screws. Screws can be mounted on top of the channels under the elastomeric polymer block, 
tightening or loosening screws to regulate or restrict flow. 
The one-way valve was developed by precisely aligning and stacking several fabricated 
PDMS sheets together as fabricated. PDMS slabs or membranes can only deflect in one 
direction, causing liquid to push the slab up. This opens the valve and when there is no 
upward pressure, it will close back the flow from below, sealing the fluid trapped in the 
chamber above. Flow in the opposite direction, flowing downwards is blocked by the 
presence of a barrier. Such one-way valve can be used for replacing new DMEM and FBS 
mixed culture medium into the LoC.  
Not only can pressure differentials be created, it is also feasible to design a LoC with fluidic 
movement without embedding on-chip active components. Using a control layer and a flow 
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layer in a LoC, it is possible to create valves. Even in passive microfluidic platforms, without 
the need for active components, such as valves and pumps, the old culture medium that is 
used up by cells can be pushed through channels and replaced with the new media, without 
employing active components such as valves, pumps or solenoids.  
However, stacking fabricated stacks of PDMS slabs can lead to problems which need to be 
addressed in any LoC design framework. Optical markers that are integrated prior to the 
fabrication design of LoC parts can be useful in the design of LoCs. Other simple yet useful 
protocols can be used for fabricating LoCs. For example, disposable tubings and syringes can 
be inserted and sealed with bio-compatible epoxy glue. Contamination can be avoided by 
adding a small percentage of anti-biotic in culture medium pumping into reservoirs. 
Reservoirs can be created using simple punching technique 48. 
Using on-chip reservoirs connected to external syringe pumps, cell culture medium in the 
LoC can be renewed to avoid the dehydration of cells cultured in microfluidic chambers. 
Reservoirs will be slowly filled and drained by syringe pumps. The flow from syringe drives 
reservoirs feeding into microfluidic channels – 33.2μm by 66μm to 36μm to 450μm – can 
emulate multiphase flow phenomena in small vessels with 250 μm diameters. There are 
microfluidic tube fittings, add-ons to passive microfluidics. Reversible bonding of PDMS to 
substrate make sterilising them possible for the reuse. This might be a useful approach for the 
case of MEA-LoCs, the substrate with electrodes should be able to sterilised and reused. 
In droplet-based digital microfluidics, the printed circuit boards with electrical conduits, such 
as etched Copper tracks, can be used as microfluidic platform for moving droplets. Droplets 
and electrodes arrangements can replace channels, chambers and other complex components 
of in place of continuous flow-based microfluidics: reservoir chambers, fluid dispensers, 
pumps, valves, mixers and sample collecting, reacting and analysing chambers 209. 
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Programming can be done by controlling the microelectrodes. Bio-microfluidic control and 
algorithms can be implemented in software programs. 
Digital microfluidics technology offers some advantages over continuous-flow microfluidics 
for the reason that each and every droplet can be individually moved and manipulated 
externally by instruments such as signal generators, electric field, and voltage pulses or 
acoustic sources or lasers. Moreover, in addition to generating droplets, fluidic procedures 
such as mixing proteins, screening them and fusing cells can be done on droplet-based 
microfluidic platforms 113. Droplet can be generated using T-junctions and focused-flow 
geometries 210. The choice of channel geometries for droplet generators is dictated by the 
types of the fluids used. The frequency of the droplet can be attributed to the geometry of 
channels. There are variables which can affect the frequency, the size of the droplet. On the 
other hand, consistency of the droplets generated will be dependent on dimensions and 
geometries of microfluidic channels, the rate of the flow, and treatment types that make the 
walls and floors of the channels hydrophobic or hydrophilic. 
However, while a continuous-flow to droplet adaptor will be useful for connecting two 
microfluidic domains, there is not yet in the literature a design framework with continuous-
flow to droplet digital microfluidic connector.  
3.5. Conclusion 
In this chapter, issues in designing components and sub-systems for neuronal culturing LoC 
are discussed. The construction and operations are presented. Also, existing techniques and 
framework for designing and fabricating microfluidic platforms were described too. In 
Chapter 4, the development of the SoftMAB framework, the development steps for creating 
microfluidic modules and designing neuron-culturing-LoCs and PCR-LoCs by dragging and 
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dropping  assembly of LEGO-like modules will be discussed. Modifying designs by 
swapping one module with another, conceptually constructing more advanced LoCs and the 
case study of improving fluid flows and estimating shear stresses experienced by cells by 
numerical simulation will be described in Chapter 4. 
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Chapter 4 Development of a Design Framework 
SoftMAB stands for Software-based Modular Assembly Blocks. Developing the SoftMAB 
framework for designing LoCs begins with conceptual modelling microfluidic components. Each 
model that will be a component embodies a feature; a functional part for an LoC. After capturing 
the functional concepts in mental and crude three dimensional models, precision mechanical 
models will be constructed. Then they will be grouped into a SoftMAB library. After grouping 
them into a library, SoftMABs can be used as LEGO blocks for designing an integrated LoC. 
That integrated 3D model assembly can be used as the input to numerical prototyping. 
Numerical prototyping can be used to improve the design. As is the case with software 
engineering, the findings from the numerical prototyping can be flowed back into the mechanical 
models. Finally, the LoC-under-design is constructed using simple Soft-lithography method. Not 
only limited to Soft-lithographic protocol, LoCs can be fabricated using other methods. Like 
software engineering, the iterative development process can be used to extend the fabrication 
with advanced methods.  
 
4.1. Conceptual Modelling 
The first step in developing the design framework started with conceptual modelling. Existing 
LoC designs were studied, their functional features were investigated and their structural 
components were identified. Their generic microfluidic components and channel configurations 
were identified, analysed and decomposed. In other words, the common and distinct parts of 
LoCs can be identified and their common denominator parts will be conceptualised into generic 
microfluidic modules. Also distinct parts can be conceptualised into modules. For example, 
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Figure 4-1 depicts the schematics of an LoC, it can be decomposed into a few connected 
modules. 
 
 
 
 
 
 
 
 
 
Figure 4-1: Schematic of a microfluidic platform 
 
It is possible to create a SoftMAB for each of the LoC partition. The conceptual design of each 
SoftMAB can be captured in three dimensional sketches and later, those free-hand sketches can 
be converted into precision-scaled mechanical models in the CAD software packages. The 3D 
model design tool SolidWorks (SolidWorks, United States) is one of the 3D modelling CAD 
packages that is used to create SoftMABs. All CAD drafting software packages offer inter-
operability and design files created with a CAD tool can be ported into other tools. 
While designing microfluidic modules, mechanical models, the LoC designer can decide whether 
the module will be used as the part for the reverse master or the LoC itself. Microfluidic modules 
presented in this thesis are to be used as reverse masters of the LoC. In conceptual prototyping, 
not only visual diagrams, but also electrical circuit models can be used. Microfluidic networks 
 106 
 
can be systemically designed by modelling them as R, L and C circuits in time-invariant 
electrical modeling technique. The fluid flow can be modelled as the current that flows in an 
electrical circuit. Similar to electrical current flow from high voltage potential to low voltage 
potential, fluid flow in microfluidic channels is from high to low pressure. Therefore, normal 
fluidic flow can be modelled as a resistive circuit. The length and shape of the channel and the 
width of the channel, will restrict flow, like the resistance in electrical circuit. Meanwhile, the 
storage elements such as fluid reservoirs can be modelled with capacitor and inductor elements 
and one-way on-chip valves and pumps can be conceptualized as switches. One-way directional 
valves can be modelled as semiconductor diodes. External components such as programmable 
fluid pump and gravity-driven injectors can be modelled as current source with the internal 
resistance in parallel. 
Such analogy will not only assist in designing the conceptual model but, it will also allow the 
modeler to apply circuit theories and draw the best practices from the discipline of electronic 
circuit design. As in designing the electrical networks such as signal filters with R, L and C 
components, while designing microfluidic networks, fluidic resistance must be matched between 
the source and sink. 
 
4.2. Generic flow components 
One of the objectives in LoC design framework is that LoCs can be designed by merely 
assembling SoftMABs in a certain configuration to achieve desired functional features. By 
changing the configuration, modifying the way modules are arranged, the design must be 
modifiable. Moreover, by using simple calculations or using computer numerical simulations, the 
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chip design can be improved. With these design objectives, conceptual models will be converted 
into mechanical models.  
In Figure 4-2(A), SoftMABs shown can be used as the generic building blocks of LoCs 
presented. There are SoftMABs with inlet and outlet reservoirs (in Figure 4-2(A) to Figure 4-2 
(C)), cell-culture perfusion chambers (Figure 4-2(G)), another cell culture chamber with micro-
pillars of different sizes (Figure 4-2(H)) to separate cells from fluid, and gradient generators, 
serpentine mixers (Figure 4-2(I)), etc.. 
 
Figure 4-2: Software-Based Modular Assembly Blocks 
 
Each microfluidic module can have effective hydraulic resistance RH, which is dependent on the 
cross section of the microchannel and microstructures, their shapes and lengths. In software, 
those dimensions can be modified in Solidworks and changing the dimensions will change RH. 
For example, shortening the length of the channel and widening or increasing the height of the 
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channel will change the RH. Changing the dimensions can be done by Solidworks macro 
scripting and Microsoft Visual Basic for Application (VBA). Being in software, the SoftMAB 
framework offers the potential to automate the characterisation of LoC parameters such as 
effective fluidic resistance and flow-induced mechanical stresses, efficiencies of energy 
exchange leading to cold stress and thermal stress in living cells.  
 
4.2.1. Cell-Culture Medium Reservoirs 
A reservoir is a macroscale fluidic structure that can store and hold the fluids before they flow in 
into micro-channels. Reservoirs can be designed inside SoftMABs and fabricated reservoirs can 
be used for several purposes. An inlet tube can be connected to a reservoir to be used as an inlet 
reservoir, to hold the new cell culture medium, or by connecting to the drain outlet to be used as 
waste reservoir. They can be used as the pressure inducing points by increasing or reducing 
pressure inside microfluidic channels. In addition to inlet and outlet reservoirs, microfluidic 
reservoirs can be used for storing other purposes such as storing proteins and chemicals such as 
anti-biotics and anti-fungal solutions.  If a pressure transferrable material such as PDMS is used, 
it is possible to construct control flow between reservoirs and microchannels, but the flow is 
normally stopped by the pressure applied via the tightened screw onto elastomeric polymer 
above the channel. Releasing the screw will allow the contents of reservoir to flow into channels.  
Each of the microfluidic components, in Figure 4-2 without fluid storage elements, can be 
represented with an electrical circuit model with their effective RH,X. In the case of reservoir 
modules, they can be represented with a current source possessing an internal resistance ri in 
parallel with the current source. Using the electrical circuit models, it is possible to simulate the 
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behavior of microfluidic networks by modelling their equivalent electrical circuits and 
simulating models in circuit simulation tools such as AIM-Spice (Automatic Integrated Circuit 
Modeling Spice), which is a version of SPICE simulation tool commonly used in electrical 
engineering classes. 
 
4.2.2. Mixers 
Fluid flow in microfluidic channels is in low Reynolds number laminar regimes, therefore there 
is no mixing between flows as the diffusion is limited. Mixing reagents in the microfluidic 
channels are challenging in LoCs.  Mixer modules have to be designed between the source of the 
flow and mixing occur while flow occurs toward the sink or the output outlets. 
Input and output microfluidic modules with fluidic reservoirs will connect microfluidic channels 
to external devices. Alignment keys and latching mechanisms for module alignments are made 
digitally. Figure 4-2(D) to 4-2(I) show possible go-between modules those can be connected 
between input and output modules shown in Figure 4-2(A) to 4-2(C). 
As with serpentine mixers, the laminating mixers can be designed. The working principle of a 
laminating mixer is dividing the fluid flow and re-laminating it several times, in order to 
decrease the diffusion distances normally necessary for mixing the fluids from different 
channels. By using the SoftMAB framework, microfluidic mixer modules, mixers that will 
divide and re-laminate the flow to improve mixing results can be added. 
Additionally, the physics of Coriolis mixing, in which the plane of LoC will be rotating at low 
frequencies, can be used for mixing 211. Sometimes, mixing two fluids flow in different channels 
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demands the need to delay fluid flow in one of the channels. Delaying the flow can be done by 
valves and timers in active microfluidics. However, in passive microfluidics without active 
components, fluid delay lines will be needed. Fluid delay lines can be achieved by SoftMABs 
with serpentine channels. Delay module, serpentine mixer and Y-mixer and divider can be seen 
in Figure 4-3.  
 
Figure 4-3 : Microfluidic mixer modules 
 
In addition to those SoftMABs, it is possible to sketch a conceptual model of a mixer with 
meshed element for mixing as is seen in Figure 4-4. In the mesh mixers, the fluid mixing will be 
more effective than laminar flow regime. 
 
 
 
 
 
 
Figure 4-4: Conceptual Models of Meshed Mixer Modules 
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In Figure 4-4, the conceptual model on the left is the module that interfaces the LoC to the 
outside world via the reservoir. This module will mix the fluid contents from two reservoirs 
before the mixture flows into the LoC. On the other hand, the model on the right can be 
converted into a SoftMAB and used in the chain of fluid flow in the LoC. 
 
4.2.3. Separators and microperfusion chambers 
A microfluidic separator is useful for screening particles that come along with the fluid flow. The 
separation of particles in a microfluidic platform can be accomplished by sorting particles 
hydrodynamically with mechanical structures such as micropillars. Other microfluidic separation 
techniques are electrophoresis and chromatography. Yamada and Seki have discovered that, with 
small size branch channels connected to the main channel, the carrier fluid but not microparticles 
in the fluid can be removed from the main channel 212. Gossett (2010) designed a LoC that 
featured a label-free cell separation method and sorting of particles based on the width of 
microfluidic channels 213.  
A SoftMAB module with the branching microfluidic channels with different widths can filter out 
micro particles of different sizes. The benefit of the SoftMAB framework is that a LoC designer 
can choose the module with right channel size and configurations to be assembled into the LoC. 
The chamber on the left side of Figure 4-5 contains reverse masters of micro pillars to catch the 
biological cells while they are in the flow. Meanwhile the chamber in the right will maximize 
space for culturing cells. It is possible to configure those chambers in cascades to make them a 
part of a cell-culture LoC. 
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Figure 4-5: Micro perfusion chambers with and without pillars 
 
4.2.5. Design by Assembly 
A SoftMAB with a single channel for interfacing can be connected to another SoftMAB with just 
one channel. SoftMAB in Figure 4-2(B) can be connected to SoftMABs as appears in Figure 4-
2(G) or Figure 4-2(H), and also to 180º-turned-around SoftMAB in Figure 4-2(B). We can 
denote the 180º-turned-around of Figure 4-2(B) as b, Figure 4-2(B) as B, Figure 4-2(G) as G and 
Figure 4-2(H) as H. By combining SoftMABs in assembly “B-G-b” will become a cell culture 
chamber with cell seeding and perfusing cell-culture reservoir Figure 4-2(B), two cell culture 
chambers connected each other with microgrooves between them and the outlet reservoir (b for 
the waste disposal, discharging the used cell culture medium). That LoC designed in “B-G-b” 
configuration will maximize floor space for culturing cells in mono-layer cell culturing cells will 
attach to the floor. 
On the other hand, it is possible to do design-by-configuration by joining SoftMABs in the “B-H-
b” combination. In this arrangement, there will be an LoC with a cell culture chamber with 
micropillars so that the cells will have tiny structures to be attached to. This demonstrates that 
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SoftMABs facilitate design flexibility. While micropillars can be appropriate for an LoC, it is 
better to maximise floor space in another LoC. 
Moreover, the combination of modules in the order “B-G-H-b” can be the lead to the creation of 
a LoC with a cell-culture chamber followed by another section for screening out molecules and 
cells of different dimensions.  
Figure 4-6 depicts assembled SoftMABs with perfusion chambers and microchannels. Those are 
reverse masters of cell-culture LoCs. Having more than one microchamber, they can be used not 
only for cell-culturing, but also useful as co-culturing platforms by adding them to substrates 
with on-chip heaters, sensors and microelectrode arrays. SoftMABs can be used to design 
sophisticated neuronal investigation platforms. 
 
 
 
 
 
 
 
 
 
Figure 4-6: Microfluidic platforms with cell-culture chambers with angled channels 
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In two LoCs shown in Figure 4-6, microchannels form angles and not curves before entering the 
microchambers. Those assemblies are the original designs of LoC before iterative improvement 
by simulation. One of those assemblies, the designed LoC, will be numerically validated with 
computational fluid dynamic techniques in Chapter 5 so as to improve the LoC parameters.   
 
4.4.3. Assembly For Cell-Culturing 
A cell-culturing LoC can be designed by combining SoftMABs with reservoirs at each end and a 
SoftMAB with cell culture chambers as the module between them. Also, by overlaying a 
fabricated LoC, an elastomeric polymer block, onto a MEA etched glass slide, an MEA-LoC can 
be constructed.  
In Figure 4-7, the reverse masters of two variant of cell culture platforms are constructed by 
simply swapping the middle module. The cell culture platform on the right hand side is with 
micropillars for neurons to adhere, it has longer micro-channels connecting two perfusion micro-
chambers. Meanwhile, the left image depicts the cell culture LoC with three micro-chambers and 
shorter inter-chamber channels. Different types of cells can be seeded to different chambers by 
run-time flow configuration. If different types of neuronal cells are cultured in the LoCs, axons 
of neurons will go across those micro-channels.  
 115 
 
 
Figure 4-7: SoftMABs assembled into LoCs 
 
A substrate with pre-fabricated microelectrode arrays is aligned and bonded to the LoC so that 
electrodes will be placed underneath micro-channels. Such a cell co-culturing LoC with 
electrodes will be useful for researchers. Construction of run-time flow controllable LoC is 
discussed in Section 4.6.1 and the construction of a cell culture LoC with microelectrode arrays 
will be discussed in Section 4.6.3. 
After designing, LoCs can then be fabricated. After fabricating neuron culture LoCs, the 
validation can be done with culturing cells. In culturing, GT 1-7 and GN 11 cells can be used to 
validate the platform. GT1 cells are derived from a hypothalamic tumor, whereas GN cells came 
from a tumor localised in an olfactory bulb. Both cell lines retain phenotypes of neurons. A GT 
1-7 is an immortalized LHRH neuron which synthesises and secretes significant amounts of 
LHRH. GT 1-7 cells are derived from LHRH neurons that have migrated to reach final targets.  
GN 11 cells are derived from the tumor in the mouse olfactory bulb. GN 11 cells originate from 
LHRH neurons that are blocked in their early stages of migration failing, to reach their 
destinations. GN 11 cells can be used as in-vitro models of non-migrating and migrating neurons. 
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Also it is possible to culture yeast cells instead of mammalian neurons, to validate the cell-
culture LoCs. 
When microperfusion chambers or channels are connected in parallel like in Figure 4-7, the 
effective hydraulic resistance of that section can be computed by following equation: 
ܴு,௘௤ ൌ ଵோಹ,భ ൅
ଵ
ோಹ,మ ൅ ⋯ ൅  
ଵ
ோಹ,ಿ     (11) 
 
RH,eq is the effective hydraulic resistance of the whole LoC while RH,1 to RH,N are resistance of 
each SoftMAB connected in parallel and N is the number of chambers or channels connected in 
parallel. The flow into each microfluidic channel can be estimated by circuit rules. The flow 
across a microfluidic module will be inversely proportional to its effective RH. 
Instead of using the neuronal cells or yeasts, it is also possible to use microbeads to verify the 
viability of fluid flow inside the LoC. By taking into account of the viscosity of fluid, the 
suctioning force induced by the programmable syringe pump connected to the waste reservoir, 
the dimensions of the cells, and the degree of their exposure to the fluid flow in the in-vitro 
environment, it is possible to estimate shearing mechanical stresses induced by the fluid flow to 
the cells. From that estimation, it is possible to derive the viability of the cells. Also, it is possible 
to numerically validate that a neuron culture LoC and flow can be improved by simulations. 
 
4.3. Polymerase chain reaction 
Polymerase chain reaction (PCR) analysis can be used as the foundation technology for point-of-
care (PoC) diagnostic LoCs. Similarly SoftMAB framework can be used to design PCR-LoCs. 
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Integrating PCRs onto microfluidic chips can be done by continuous-flow PCRs, droplet-digital 
PCRs, or the stationary reservoir-facilitated micro-chamber based PCRs. 
While the first of its kind, an integrated PCR chip as reported in Liu et al. (2004) will be 
convenient as a self-contained PCR, continuous-flow PCR chips fabricated in polymer such as 
PDMS could be a cheaper alternative. In a continuous-flow PCR, the mixture flows through 
microfluidic channels and the channels cut through three different temperature zones 214. 
First, DNA segments in the reaction are amplified in repetitive thermal cycles: pre-heating stage 
before denaturating at 90º–95º C, renaturing by cooling the mixture to 50º–70ºC, and then 
heating the reaction back to 70º–75º C for extending with primers. By configuring different sets 
of SoftMABs in different configurations, it is possible to design new PCR chips. This technique 
can be considered one of earliest attempts to combine standard engineering concepts: 
standardising, modularising and leveraging on software and networking technologies for 
designing neuroscience and PCR-LoCs. In this thesis, SoftMABs for PCRs are modelled and a 
PCR-LoC designed by connecting modular components can be seen in Figure 4-8. 
 
Figure 4-8: Microfluidic Modules Assembled into Polymerase Chain Microfluidic Platform 
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Using SoftMABs, extending the number of PCR cycles in a LoC can be done by reconfiguring 
the on-chip PCR with adding additional modules. If needed, as shown in Figure 4-9, by adding 
one more module, PCR cycles can be increased. 
 
Figure 4-9: A Configuration of Modules Forming a Polymerase Chain Chip 
Similarly, one or more additional SoftMABs can be added so that they are sandwiched between 
the input and output modules to increase one extra PCR cycle into the polymerase chain reaction 
and new LoC can be seen in Figure 4-10. 
 
 
Figure 4-10: A Polymerase Chain Reaction Chip with extended fluid tracks 
 119 
 
Pre-heating and heating of the fluid can be done internally by stacking with PCB heaters in the 
substrate. Heater coil tracks can be routed on PCB and by adding sensors such as thermistors, 
pre-heating and heating temperature can be controlled. Instead of using on-board heaters on 
PCBs, it is possible to use infrared lamps to heat the sections of PCR-LoC made from optically 
transparent materials such as PC, CoC, PDMS or Glass. To raise or reduce the temperature inside 
PCR-LoC at a different region, miniaturized thermoelectric coolers and micro-Peltier pads as the 
substrate for heating and cooling. As an alternative to using pads,  it is possible to embed Peltier 
junctions in the PDMS LoC during fabrication time 215. Temperature sensing can be done using 
low-cost thermal imagers which can be connected to a smart phone (FLIR ONE, Hong Kong). It 
is also possible to using thermal imager development kits such as FLiR Dev Kit which contains a 
Lepton longwave infrared (LWIR) imager and break-out module, which is available from online 
electronic stores such as Sparkfun (USA). Adding each SoftMAB will add resistance to the flow 
and therefore, effective hydraulic resistance can be computed using following equation. 
 
ܴு,௘௤ ൌ  ܴு,ଵ ൅  ܴு,ଶା  …  ାோಹ,ಿ      (12) 
 
Where RH,eq is the effective hydraulic resistance of the whole LoC while RH,1 to RH,N are resistance 
of each SoftMAB connected in series network. 
 
4.4. Extendable Modules 
In the previous sections, generic microfluidic modules that can be assembled into LoC design 
were reported. Also specialized modules such as PCR and cell-culturing LoCs were discussed. In 
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addition to them, there can be more microfluidic modules those can be added to SoftMAB 
framework. 
4.4.1. Fluid Handling and Re-Configuring Flows 
Fluid flow restrictions and regulations can be done on LoCs fabricated from elastomeric polymer 
blocks in low-cost manner using screws inserted above the fluid channels 99.  However, it is also 
possible to employ two acrylic sheets, tapping screws in them with the tip of the screws aligned 
to the microfluidic channels. By sandwiching a PDMS-LoC under an acrylic sheet with tapped 
screws, fluid handling features can be added. Fluid flow in a LoC can be modified after the LoC 
is designed and fabricated. In that way, flexibility can be achieved not merely by means of 
design-time configuration, but also run-time flow-path reconfiguration.  
For biochemical analysis to be carried out on LoCs using small amounts of fluid samples, the 
concentration of molecules and cells needs to be increased. Increasing the concentration of 
samples can be achieved with built-in integrated fluid handling and sample preparing features 
using electromechanical, mechanical, acoustic, photonic and hydrodynamic forces. 
The SoftMAB framework offers possibilities to fabricate flow-reconfigurable LoCs in which 
microfluidic channels can be reconfigured in the post-fabrication stage. Reconfiguration can be 
achieved by increasing or inhibiting flow in the direction desired. Opening and closing control 
valves in a specific sequence can increase or inhibit flow in the flow-layer, and by using that 
principle of operations, a fluid valve can be effected. Such a controller can be used to deliver or 
divert reagent to reach the target site. It is possible to embed valves by putting torque-actuated 
screws onto the fluid paths during fabrication in soft-lithography protocol. It is also possible to 
control the fluid flow by employing the elastomeric property of PDMS polymer block and the 
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rigidness of plexi-glass sheets or fixtures. A jig for fluid-regulation in microchannels can be 
constructed, as illustrated in the Figure 4-11. 
 
 
 
 
 
 
Figure 4-11: Construction of a run-time configurable continuous-flow microfluidic chip 
An integrated fluid-flow control can be fabricated inside LoCs by the SoftMAB framework and 
the soft-lithography-based fabrication method. The first step in constructing a multi-layered LoC 
in PDMS is configuring SoftMABs in the targeted order to create two LoCs. One with 
microstructures for a control layer and another LoC for flow layers with microfluidic channels 
and microstructures such as perfusion chambers and macrostructures as reservoirs. Then using 
the soft-lithography technique, those two LoCs, two layers of the integrated LoC can be 
fabricated. The final step is overlaying the control-layer and flow-layer after aligning them under 
a light microscope. Overlaying control and flow layers can be done in two different types of 
configurations to create push-up and push-down valves as in Figure 4-12.  
In Figure 4.12(A), the fabricated LoC with control channels is overlaid on top of the flow layer 
and they are bonded. The principle of operation is by building up the pressure inside the control 
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chamber by user actions, such as pressing the reservoirs in control layer. The pressure will be 
transferred to the layer below to regulate the flow in the channel.  
In the Figure 4-12(B), the flow layer is on top of the control layer and increasing pressure in the 
control structure by actions, such as pushing down with a screw, will push the fluid filled 
reservoirs, which will push up the thin membrane separating the control and flow layer and 
restrict the flow in the channel.  
 
 
 
 
 
 
 
 
 
 
Figure 4-12: Constructing valves by stacking control and flow layers 
In a Push-Down configuration, the control-layer is to be laid over the top of flow-layer and push-
down valves. This is more appropriate for microfluidic cell culturing. By using the elastomeric 
property of polymer, not only valves can be constructed, but also sieves can be fabricated. By 
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changing the cross sectional geometry of the flow layer, sieves for trapping cells released with 
trypsin can also be constructed by aligning and stacking fabricated LoC layers: the control-layer 
and flow-layer are seen in Figure 4-12. 
4.4.2. Culturing Neurons in Non-planar Environment 
Currently the in-vitro environment of cell culturing with flasks and petri dishes, or cell culturing 
in microfluidics, is planar in nature. Non-planar means three dimensional cell culture micro 
environments. A non-planar three dimensional cell culturing LoC can be constructed by seeding 
mixture of with biodegradable Silica, Glass Particles (Kirsk) into the cell-culturing chamber so 
that those glass particles can be used as the support matrix for to which seeded neurons can 
adhere. 
By improvising with microbeads, it is possible to create a three dimensional cell-culture-LoC in 
operation time when LoC is being used. A SoftMAB with empty chambers, void spaces, such as 
cell-culture chambers can be used. Using that SoftMAB, a LoC with microchamber connected to 
microfluidic channels, as seen in Figure 4-13, can be fabricated. Such LoCs can be used for cell 
culturing in 3D space. By mixing the microbeads and biological cells in the cell culture media, it 
can then be injected into the LoC. If the microbeads are a two or three times in the diameter of 
cells, and if the diameter of microbeads are smaller than the width of inlet channels into the cell 
culture chamber, but greater than outlet chambers, then the microbeads will be trapped inside the 
cell culture chamber. Those trapped microbeads will create 3D cellular support matrix for cell 
culturing.  
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Figure 4-13: Operational method of a non-planar perfusion microchamber 
4.4.3. Adding Microelectrode arrays 
Microelectrodes can be fabricated on a substrate by many means. One method is by using liquid-
phase Gallium as filler and a PDMS-LoC with microfluidic channels in the spatial arrangement 
of microelectrode arrays, microelectrode arrays on PDMS elastomer block can be fabricated. 
Similarly, a glass slide can be etched with microfluidic channels in electrode arrays 
configuration. The microelectrode arrays can be visualized in Figure 4-14. 
 
 
 
 
Figure 4-14: Electrode Arrays Substrate Bird-Eye View 
The fabrication of microelectrodes can be done in many ways, 3D material printers such as 
Dimatix (Fuji film, Japan) can be used for direct depositing onto substrate or by micromachining 
a PMMA slide using a 3D milling machine such as the Roland MDX-40A (Roland Corporation, 
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United States). After the microchannels are fabricated, by injecting liquid-phase Gallium into 
microfluidic channels from the edges of the glass slide or coating the surface of the plate with 
flowing Gallium and using the doctor blade to remove the excess Gallium, microelectrode arrays 
can be fabricated on a PDMS-LoC or glass slide. That PDMS-LoC layer or glass or PMMA 
acrylic slide with microelectrodes formed from Gallium flowed and solidified in microfluidic 
channels can be used as the substrate.  
In Figure 4-15, a glass slide with microelectrode arrays is illustrated. After the microchannels are 
fabricated, it is possible to fill them with molten liquid Gallium to form an electrode array. 
 
 
 
 
 
Figure 4-15: Electrode Arrays Substrate in Three Dimensional View 
Reversibly bonding the array to a PDMS-LoC layer with microfluidic channels and chambers for 
cell-culturing perfuse can lead to a method for fabricating an MEA-LoC in which cells can be 
cultured in-vitro and perfused. 
A method for constructing a MEA-LoC by bonding with a cell-culturing LoC is demonstrated in 
Figure 4-16. First, a cell-culture LoC is designed by assembly of SoftMABs and fabricated using 
the soft-lithography technique. Next, two acrylic sheets of dimension 25 mm by 75 mm are 
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acquired. The concept is to sandwich the LoC, fabricated in pressure-transferrable material such 
as PDMS between two acrylic plates, to create the fixture. On the top Acrylic sheet, screws are 
tapped at the precise positions so that when the screws are tightened, their tips will be pressing 
the elastomeric polymer and the flow in the channel can be regulated, reduced or restricted. On 
the acrylic sheet that will be at the bottom of the LoC, holes can be drilled so that pressure 
transfer can be localized. The LoC can be reversibly bonded to the bottom acrylic sheet. 
Tightening the screws, fluid flow in each microchannel can be controlled individually in that 
manner. By using the SoftMAB framework, an LoC can be designed, and using this construction 
method, it is possible to achieve the run-time modification of fluid flow, which is reconfiguration  
of flow in the LOC designed, in continuous-flow microfluidic LoCs.  
 
 
 
 
 
 
 
 
 
Figure 4-16:  Aligning and bonding LoC onto MEA substrate 
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Not only limited to glass, PMMA and silicon,  the substrate of cell culture LoC can be a printed 
circuit board with electrodes and integrated heater as the substrate design, so  MEA researchers 
work can be reused 106. After fabricating the microelectrode arrays, electrical impedance must be 
characterised using commercial instruments such as inductance meters.  
It is feasible that an MEA-LoC can be constructed by procuring and integrating a MEA glass 
slide that can be sourced from some universities’ research laboratories, for example from Center 
for Network Neuroscience, University of North Texas, United States. Their microelectrodes-
etched glass slide of 5 cm by 5 cm in dimension, which is available on sale, can be seen in Figure 
4-17. That can be used as the substrate for the LoC. 
 
 
 
 
 
 
 
Figure 4-17: Micro Electrode Array (MEA) Version 5, University of Texas 
Similarly, SoftMABs and this construction method of letting liquid-phase Gallium in 
microfluidic channels is not limited for constructing MEAs on glass slides, but can be used to 
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fabricate circuits and electrodes in PDMS for soft-robotic applications by filling microfluidic 
channels with resins of electro-actuated polymers. 
 
4.4.4. Continuous-flow to droplets adaptor 
 
There are two types of microfluidic technologies, first is the analog or continuous-flow 
microfluidics, and second being the digital discrete droplet-based microfluidic and there is no 
link between two. Therefore, there will be a need for a modular droplet generator to connect two 
domains. Since both continuous-flow and discrete microfluidic technologies have benefits, it will 
be advantageous to combine the benefits by way of a fluidic bridge and using an adaptor.  
The difference between analog and digital microfluidics is that in continuous-flow microfluidics, 
the output of one LoC can be channeled into another LoC downstream. For example, 
Neuroscience-LoCs can be connected to a PCR-LoC by tubes. By doing so, it is possible to 
monitor the LoC continuously to determine whether the cell culture is contaminated with 
mycoplasma or fungus. On a digital microfluidic, the same droplet used for carrying out one type 
of analytical tests at one cell can be further processed in another droplet holding cell. 
For a self-contained LoC, it will be beneficial to have the ability for several components of an 
LoC to be connected together, so that droplets can be driven from one part of the LoC to another, 
and from one LoC to another. It can be desirable for a continuous-flow to be connectible to a 
discrete microfluidic platform. A fluidic adaptor that can convert continuous-flow to discrete 
droplets would also be useful. Such an adaptor module can be used to interface continuous-flow 
microfluidics to discrete-droplet-driven microfluidics. 
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The conceptual model of a droplet generator from macroscale reservoirs to microfluidic channels 
can be seen in Figure 4-18. Such a platform can be used as discrete droplet generator from the 
continuous-flow by restricting and constraining the flow at regular intervals. Although such 
droplet generator chips are designed (MicroInit Microfluidics), there is no modular droplet 
generation microfluidic module in software that can be combined to other microfluidic modules. 
Therefore, SoftMAB modules that can generate droplets or convert continuous-flow to droplets 
can be a useful addition into a microfluidic design toolbox.  
 
 
 
 
 
Figure 4-18: Droplet generation modules 
In Figure 4-19, two continuous-flow-to-droplet adaptors are depicted. As shown in the 
illustration, modularized models of T-junction and focused-flow, two popular microfluidic 
geometries designed for generating discrete fluid droplets, can be connected to the output of the 
any continuous-flow SoftMAB module, and output of adaptor modules can be connected to 
digital microfluidic modules.  
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Figure 4-19: Continuous-flow to droplet adaptor 
In Figure 4-18 and 4-19, the dispersed fluid can be water and the carrier fluid can be oil. The 
continuous flow of carrier fluid will shear off the water into droplets. Those microfluidic 
modules in Figure 4-18 and 4-19 can be used as droplet generators or continuous-flow to discrete 
digital microfluidic interface.  
For the T-junction droplet generator, droplet aspect ratio is the length of the discrete fluid 
segments to width of the dispersed channel, which determines sizes of droplets, can be modelled 
by the following equation: 
 
௅
௪ ൌ 1 ൅
αொ௜௡
ொ௢௨௧      (13) 
In that equation, L is the length of the immiscible slug, w is the width of the channel, Qin and 
Qout are the rates of flow of the dispersed and carrier fluids respectively, and α is a linear 
coefficient; it will be depended on the geometry of the T-junction 217. The dimensions of the 
droplets generated will be varied, however the distribution of droplet sizes can be Gamma and 
mixed-Gaussian with two distinct normal distributions and two different means, depending on 
the operating conditions 218. However, for basic design purposes, generated droplet sizes can be 
estimated, based on channel dimensions, flow rates and T-junction geometry without resorting to 
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stochastic studies. The basic design rule in choosing the adaptor module is that if there are higher 
input flow-rates into the module, then the focused-flow geometry will be more suitable. If input 
flow-rates are higher, focus-flowed is more stable compared to the T-junction module. 
4.5. Conclusion  
 
In this chapter, the process of development of the SoftMAB framework was discussed. How the 
conceptual model for a SoftMAB is visually modelled and captured into a free hand 3D model, 
how electrical network design concepts can be used as aid for reviewing the design. Then 
presented the process detailing how that mental model is converted into a dimensionally accurate 
mechanical model, a SoftMAB. That SoftMAB is stored as a part file in Solidworks. Also, 
generic flow modules of SoftMABs are presented, together with more specialized SoftMABs. 
How this SoftMAB design framework can be used to design an LoC, by dragging and dropping 
SoftMABs like LEGO blocks is also discussed. Two types of LoCs which are useful for 
neuroscience investigations are designed as case study demonstration. It also demonstrated how 
easily the LoC design can be modified by swapping a SoftMAB with another module, by adding 
an extra module. This chapter contains a discussion how SoftMAB framework can be extended 
for designing digital microfluidic chips by the addition of continuous-flow-to-droplet adaptor 
modules. Finally, also presented are the construction methods for multi-layer LoCs and 
operational method for converting planar cell culture chamber to a three dimensional culture 
chamber using microbeads, and how a cell-culture LoC can be converted into a microfluidic 
platform with a microelectrode array module. All those construction and operation methods can 
be applied after designing LoC with SoftMAB framework and fabricating them in any available 
methods. 
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Chapter 5 Results and Analysis 
In Chapter 4, the microfluidic design framework, based on software-based microfluidic modules, 
SoftMABs, was developed and presented. How a LoC can be designed by design-by-module-
assembly similar to connecting LEGO-like SoftMABs was discussed. Reusing design and 
improving current designs by reconfiguring existing assembly of modules, and by adding a new 
module or replacing a module with another, was done and discussed. Two variants of neuron 
culturing platforms with perfusing microchambers for cell culturing and polymerase chain 
reaction chip were designed. In this chapter, cell culturing LoC designs will be characterized, 
performance of the cell culture platform will be analyzed and flow will be validated by 
numerical simulations. LoC designs will be improved by simulating the numerical models, based 
on new designs, reverse masters of LoCs and LoCs will be fabricated and flow will be validated 
on a LoC experimentally.    
 
5.1. Numerical Prototyping 
The fabrication of an LoC based on a new design will take time, effort and will consume 
significant budget, therefore it is better to numerically validate the LoC design with computer 
simulations before physical prototyping. 
Computational Fluid Dynamic (CFD) models can represent fluid flow in microfluidic platforms. 
Numerical prototyping of LoCs by CFD simulations can be done using 3D models. CFD 
simulations can be used to establish the viability of cells in the culturing environment, and by 
estimating the shear forces of channels and configurations. CFD can be used to determine the 
effect of the profile and width of channels on flow dynamics. For example, 3D models drawn 
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with Solidworks tool are exported to the ANSYS Gambit mesh generator. Another ANSYS tool, 
Fluent, can be used for solving equations and for simulating finite element models. Tools like 
COMSOL and open source software such as Open FOAM can be used for CFD. 
Defining the geometry in the CFD software can be done by importing a CAD file or using 
geometry modeling tools that are built into CFD software tools, like COMSOL Multiphysics. For 
importing SoftMABs, mechanical CAD models can be done by using the CAD Import Module in 
tools like COMSOL. Importing geometries into CFD tools can be done in two ways. One way is 
by defining the geometry of each SoftMAB into the CFD tool then transforming it to a numerical 
module. In this approach, each and every SoftMAB module is imported and converted into a 
numerical module, which means modeling a SoftMAB into a corresponding CFD module so that 
each SoftMAB will have its own numerical module can be done to validate each SoftMAB 
module. 
On the other hand, SoftMABs can be assembled like LEGO blocks to construct an LoC, the 
design by assembly of SoftMABs. Then the LoC geometry can be converted into a numerical 
model. In doing so, the integrated LoC can be converted into a CFD model. The combined CFD 
model can be used to validate and analyze an LoC design. In this approach, a combined 3D 
model can be converted into the CFD model and it can be simulated to verify that the flow rate 
will meet the required specifications. For example, if the LoC application is cell-culturing, the 
stresses cells may experience can be simulated, if parameters such as viscosity, fluid pump 
pressure, flow rates are known. While the fluid pump pressure is the externally connected 
programmable pump, the pump pressure can be derived from the programmable pump. The flow 
rate can be determined from the CFD simulation. Viscosity can be derived from those diffusion 
coefficients. The diffusion coefficients of different liquids and medium can be found in the 
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Microtechnology Medicine Biology Diffusion Database (URL: diffusion.wikidot.com). Having 
those input parameters, the shear stresses experienced by the cells – adhered to floor of 
microfluidic channels and positioned along the flow path and exposed to shear stresses – can be 
estimated. By estimating the shear stresses induced, the viability of cells can be determined. 
Therefore, using the SoftMAB framework, cell-culture LoC designs can be numerically 
validated prior to fabrication.  
Before fabrication, the LoC prototype can be numerically validated with CFD. The assembled 
LoC models can be used as the input data for numerical validation with CFD. Howell and 
colleagues developed a fluidic toolbox design principle to develop CFD models for modular 
blocks that can be integrated 219. Each module contains two different mixing element features, 
therefore limiting the maximum number of features to twelve, to search the optimal prototype of 
passive microfluidic mixers. Numerical models and simulations can be used for designing LoCs 
and finding optimal LoC configurations 220. The SoftMAB framework can be used to extend that 
line of work further.  
However, in this work, the simulation objective is not the search for optimal design, but to 
characterize the cell-culture a LoC. The combined SoftMABs, LoC-under-design, can be used as 
the basis of numerical prototyping of LoC. Similarly, if every SoftMAB model has a 
corresponding numerical module, it will be feasible to design an LoC by dragging-and-dropping 
them like LEGO blocks. Validating LoC design can be done by using SoftMAB assembly as 
input into CFD tool for numerical simulating and analysing fluid-flow and other parameters such 
as temperature profile and hydrodynamic forces inside areas of interests inside an LoC. 
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In numerically validating the LoC, designed by the assembly of SoftMABs, the first step is 
modelling three dimensional mechanical parts – SoftMABs. The next step is to modify the 
geometry for numerical simulation models. Many simulation tools have facilities to import 
mechanical models into numerical models. For example, AutoCAD’s SimStudio tools can import 
multiple CAD formats. The tool allows a designer to simplify 3D models and assemblies. Next, 
three dimensional geometry of models can be simplified by eliminating unnecessary details. 
Then, the simplified geometry has to be repaired so that the model will be still viable for 
numerical simulation. Software tools like SimStudio bridge CFD simulation and 3D CAD tools 
can help numerical modelers. Later, an existing model can be seamlessly converted, edited and 
turned into a numerical model for computer simulation. In short, 3D models with solid and 
surface bodies can be designed in CAD tool, those 3D models can be simplified, trivial and fine-
detail can be removed, custom fluid volumes can be created and saved into a persistent medium 
in a standard file format. Finally, those files can be used as input to Autodesk CFD for other 
numerical simulation tools.  
 
5.2. Numerical Simulations  
Numerical simulation technique was applied for improving the LoC design. First, a cell-culture 
LoC was designed using SolidWorks 2010 (SolidWorks Corp, Concord, MA, USA). 
Computational Fluid Dynamics (CFD) technique was used to predict the variations of velocity, 
pressure, temperature and chemicals throughout the system. These variables could reveal several 
characteristics of the system, including the trajectories of seeded cells entering into the chip, the 
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shear stress over the cell membrane and perfusions of drugs or dyes that are used for 
characterising and treating cells.  
For simulating the model, Gambit 2.3 software (Fluent, Lebanon, NH, USA) was employed to 
mesh the three dimensional model into finely meshed elements. A combination of unstructured 
triangular and quadrilateral elements was applied, while the density of elements was increased 
along the bottom, top and side walls, to meet the high gradients of velocity and shear stress along 
surfaces.  
In the next step, finite-volume based Fluent 6.3 software (Fluent, Lebanon, NH, USA) was used 
to solve the associated differential equations governing the balance of mass, momentum and 
transport of species throughout the model. The constructed LoC that was used as in the input of 
CFD simulations can be seen in Figure 5-1. 
 
 
 
 
 
Figure 5-1: The Assembly of Microfluidic Modules for cell-culturing 
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5.2.1. Characterising basic chip design 
The development of a design framework starts with a basic design which can be validated and 
improved with design iterations. The LoC designed using the SoftMAB framework can be 
converted into a numerical model and validated with computational methods, by simulating that 
model. The parameters that will influence the viability of a cell-culture LoC are the length of the 
chambers (L), the width of the tunnels (wt) between chambers, the widths of the inlet and outlet 
channels (wc) and the radius of curved or angled channels (r). Simulations were used for getting 
LoC performance metrics and to improve the LoC design with optimised dimensions. 
The operational parameters those are input to the numerical simulation are injection-driven or 
suctioning-induced flow rate (v) and temperature of culture medium (t) and average seeded cell 
size (s). Figure 5-2 depicts the performance parameters of the original design such as pressure, 
shear stress and velocity profile. 
Numerical model simulations will reveal that angled inlet and outlet microchannels are less 
effective. Therefore, the next step is returning to the design board to modify and improve the 
SoftMABs of reservoir modules and previously angled inlets connecting into cell culturing 
microchambers were curved. After the SoftMABs are improved by changing channel geometry, 
they are assembled again to design a new and improved LoC. Improvements in the performance 
of cell culture and viability for cells can be achieved by varied design parameters.  
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Figure 5-2: Simulation Pressure Contours with at different flow rates 
 
Figure 5-2(A) shows the pressure contour attributed to the suction flow rate of 60μL/H. It can be 
seen the cells in the parts of LoC close to the inlet culture medium reservoir will experience 
higher pressure than the areas of LoC further away from the inlet reservoir. Reducing the suction 
flow rate to 40μL/H will make pressure evenly distributed throughout the LoC even when the 
channel width is reduced. Since pressure is directly proportional to the shear stress experienced 
by the cells in culture, when a pump is used to induce flow, the pump must be operated at the 
rate of 40μL/H. 
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In that way, CFD numerical prototyping can be used to characterize performance parameters of 
the initial LoC design. By varying design parameters and doing back-flow changes in 3D 
models, iteratively modelling and simulating leads to performance profiles in Figure 5-3 and 
Figure 5-4. 
 
5.2.2. Optimising chip design 
After the first-round of simulating the numerical models, results were analyzed and the LoC 
design was improved by modifying channel geometries. In this case, improving the microfluidic 
design can be generally carried out by modifying the length of chambers (L), the width of the 
microtunnels (wt) and the cross-sectional width of channels (wc). 
As the result of numerical simulations, the observation of the rapid decline of the temperature 
with spatial distance away from the inlet reservoirs has led to shortening of length of cell culture 
chambers. Shorter perfusion chambers can prevent cold stress for the cells suspended in the rear 
portions of microchambers farthest away from the inlet channels, which carried the heated cell 
culture. Here the assumption is the cell culture is pre-heated at 37ºC (310 K) before it reaches the 
inlet reservoirs. 
Also, the width of microtunnels that go between micro-perfusion chambers were decreased so 
that they will be used only for growth of the neurites in the case of culturing nerve cells. 
Narrower tunnels will prevent exchange of fluid flowing in laminar regime in parallel cell culture 
chambers. Therefore, it will facilitate perfusion with different chemicals unique to each chamber. 
In that way, it is possible to perfuse one chamber with one chemical while the cells in other 
chambers will be perfused with different chemical solution. 
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The next step is to validate the changing the channel geometry and shortening the length of 
chambers to improve the design. In the first simulation, using the basic LoC design as inputs, the 
widths of the outer micro-channels connecting the inlet reservoir to the cell culture chambers are 
found to be inadequate. Narrower outer channels generate uneven velocity. Like electric 
currents, more fluid will flow faster into the paths of least resistance. Increasing the width of the 
outer inlet micro-channels with longer flow paths, relative to the width of inner channels, will 
equalise the hydrodynamic flow in those channels. Successive CFD simulations can help to 
improve the microfluidic platform and numerically validate it.  
 
5.2.3. Characterising revised chip design 
The mechanical shear stresses are due to the flow rate. If the pre-heated cell culture medium is 
cooled before reaching the cells in the rear part of perfusion chamber, they will suffer cold stress. 
It is impossible to increase the temperature of the pre-heated cell culture as it will induce heat 
stress to the cells in the front of the cell culture chamber. Therefore, channel geometries in and 
out of micro-perfusion chambers and the profiles of perfusion chambers are modified for better 
cell-culture medium flow and reduced shear stresses. Modifications are done to improve the 
performance of cell culture LoC so that cells those are close to the inlet channels will not 
experience excessive shear stresses while cells in the rear will not experience cold stresses. The 
final step is to characterize the LoC design again by simulation. The results of simulation such as 
velocities, forces fields and temperature distribution can be seen in Figure 5-3 and Figure 5-4.  
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Figure 5-3: Simulation results with optimized parameters for chip with two chambers 
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Figure 5-3 is the simulated result for a LoC with two perfusion chambers which shows the 
velocity of fluid flow and temperature with respect to spatial points in LoC. Similarly, Figure 5-4 
presents results from simulation with optimized parameters for LoC with 3 chambers. 
 
Figure 5-4: Simulation results with optimized parameters for chip with three chambers 
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One more interesting output of the numerical simulations is that the mobilisation of cells seeded 
into the cell culture chip can be determined by numerical simulation. It can be seen how far the 
cells will drift in the flow until they are deposited. Likewise, the phenomenon of particle tracking 
can be predicted. This will be useful for perfusing cells cultured in-vitro using chemical 
solutions, which contain bigger molecules and granules. Hydrodynamic flow induced shear 
stress and the flow heated cell culture medium heat stress, attributed to temperature distributions, 
are observed in Figure 5-3 and Figure 5-4. The spatial distributions for the regulated, pre-heated 
temperature of 37°C in renewal reservoirs validate the geometry. The flow pattern demonstrated 
that there are no dead zones. That means new culture media will reach every corner of the 
chambers.  
It is possible to use different fluid with varied viscosity in the numerical simulation as in cell 
culture, PBS (saline) and Trypsin are used to de-root and harvest cultured cells adhering to the 
substrate. If Trypsin is injected from the renewal inlet reservoir, cells will lose adhesion and they 
will float in the flow and can be harvested from the disposal reservoir, then the mixture can be 
centrifuged. After cells are released, chemical reactions of Trypsin can be stopped by injecting 
DMEM and antibiotic mixture. Finally, cells collected can be reseeded again in a next chip to 
culture next batch. Emulating the cell culturing protocol can be done in numerical simulations to 
get the performance results of the designed LoC. Those results will be interpreted in next section. 
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5.3. Validating Results 
The spatial distribution of temperature and shear stresses experienced by seeded cells in culture 
can be estimated with numerical simulation. Putting in the size of seeded calls as 40μm and their 
spatial locations on chip, close to the mouth of the perfusion chamber, as depicted Figure 5-5, 
sheer stresses and temperature experienced by those cells will be computed and results will be 
presented as plots in Figure 5-6 and 5-7. Those plots are generated by a script developed in 
Matlab (Mathswork, United States) using the result came out of the numerical simulation.  
 
Figure 5-5: The spatial distribution of 38 neurons seeded in the model 
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Shear stresses experienced by cells can be visualized as spikes. In Figure 5-6, it shows that shear 
stresses experienced by the seeded cells in their spatial locations shown in Figure 5-5. In the plot, 
only a few cells which are closest to the incoming flow will experience higher deformation. 
However, the shear force will not be excessive that they will lose adhesion from the substrate. 
When the cell loses adhesion, it will die and float in the cell culture medium.  
 
 
Figure 5-6: The spatial distribution of shear forces on the seeded neurons 
The other important parameter for cell viability is temperature distribution. Figure 5-7 is the plot 
of temperature distribution. It can be seen that the temperature decreased with the distance away 
from the point where the microchannel which carries warm cell culture fluid flowing from 
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reservoir joins the perfusion chamber. The unit is in Kelvin and mammalian cells in culture can 
survive bathing in the cell culture medium at 33ºC (306 Kelvin). 
 
Figure 5-7: Temperature of perfusing cell culture medium at cell sites 
One way to analyze the results is to make sure that shear stresses and heat-stress experienced by 
the cells at the front will not be excessive and also that the temperature is not rapidly dropped, so 
that the cells in the back of the chamber will not experience cold-stress. 
Therefore, simulation outcomes have validated that the cell culture environment is viable for 
incubating cells. The maximum sheering forces experienced by the cells induced by the flow are 
not severe enough to prevent the cells from adhering during incubation, or to uproot cells losing 
adhesions to the substrate and die in the process, as cells need to adhere to a support structure to 
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survive. It can be interpreted that shear forces are not fatal for the cells and they cannot damage 
the cells while they are being incubated. The temperature distribution is also even throughout the 
chip at around 33ºC (306 Kelvin). From the simulation results, the final cell culture LoC design 
can be validated and a conclusion can be reached that the improved chip design can be a viable 
cell culture environment. 
 
5.4. Prototyping reverse molds 
Finally, the improved designs of the cell-culturing LoC can be sent for prototyping to a third-
party fabricator (3D Systems Melbourne, Australia). The reverse master is made from high-
temperature material. It can be used as the mold for soft-Lithography method for casting the cell-
culture LoC with three input reservoirs, one outlet reservoir, three microperfusion chambers, 
microchannels connecting reservoirs and chambers, and the micro tunnels between perfusion 
chambers. After the fabrication, this LoC can be stacked onto a substrate with MEAs or heaters 
to create an MEA-LoC. The fabricated molds can be seen in Figure 5-8.  
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Figure 5-8: The reverse masters of cell culture platforms 
Not only molds, if SoftMABs are designed as part of LoCs, the final assembly can be directly 
printed. Also, it is possible to have SoftMABs designed with the empty chamber, so that a 
module with pre-packed extracellular matrix proteins, and direct-contact printed cells, can be 
assembled into that void space. Instead of assembling them digitally, SoftMABs can be 
fabricated and assembled physically, like physical MABs, HardMABs, prefabricated blocks. 
 
5.5. Fabricating Chips 
After receiving reverse masters, the next step is to use the method of soft-lithography to fabricate 
LoCs in PDMS elastomer polymer. A Sylgard 184 Silicone Elastomeric kit from Dow Corning 
was procured and elastomer resin and hardeners were mixed in 10 to 1 ratio. The resin mixture 
was put in refrigerator overnight to remove bubbles formed in the resin mixing process. Heavier 
air inside the refrigerator can remove the bubbles in the resin mixture. After making sure that 
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bubbles are clear in the resin, a thin layer of coating was applied at the bottom of the reverse 
master and reverse master is pressed the onto a plate. Then the container containing the reverse 
master was put into the oven heated and kept at 70ºC for 10 minutes so that the reverse master 
was fastened to the floor of the container. This step is necessary as reverse masters made from 
high-temperature resistant yet light weight polymer material will float in the dense elastomer 
resin. This process will not be necessary if reverse master is made from Chromium. 
In the next step, the polymer resin was poured into the container onto the reverse master until the 
molds were fully immersed in the resin. Then the container is put into the oven preheated at 70º 
C for 30 minutes to cure the PDMS. Then it was cooled down and the PDMS polymer block was 
released from the reverse master and its edges are trimmed and it can be seen in Figure 5-9. 
 
 
Figure 5-9: Fabricated Polymer Slab 
 150 
 
5.6. Experimenting Flows In Channels 
In Section 5.1 and 5.2, fluid flow in the cell culture LoC was numerically validated. In this 
section flow validations will be repeated experimentally. For the flow validation, red dyed stamp 
ink (SK-30 Deskmate) was used as the fluid. The reason for using the stamp ink is to avoid 
biohazards, also its availability and the fact that it is more viscous than the DMEM (Dulbecco 
Modified Eagle Medium), the culture medium generally used for keeping mammalian cells in-
vitro environments. If the flow on LoC is validated using stamp ink, it can be concluded that the 
fluid flow is adequate for the less viscous cell culture medium. The cell culture platform 
fabricated in PDMS polymer was reversibly bonded to the microscope glass slide of 25 mm by 
75 mm (Okando).  
Fluid flow in the LoC presented time elapsed manner is shown in Figure 5-10. 
The experiment used the visually validation technique that fluid flow is feasible on the LoC. The 
fluid flow will facilitate seeding of cells and perfusing them via input reservoirs and validation of 
fluid flow is important as removing of used cell culture media and harvesting of cells by diluted 
trypsin solution. 
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Figure 5-10: Flow experiment on cell culture chip  
 
5.7. Conclusion 
In this chapter, the assembly of SoftMABs, the cell-culturing LoC was converted into a 
numerical model. The numerical simulation was done to get the results of the basic LoC design. 
Numerical simulation is not only used to validate the LoC design such as fluid flow, temperature 
distribution and shear stresses, the simulation results can be used to improve the LoC design. To 
analyze the result of numerical simulation, a Matlab program was scripted and it was used to plot 
the performance of the LoC, and those plots can be used to conclude that the designed LoC will 
be a viable cell culture platform. Next the reverse molds were fabricated and used them with the 
soft-Lithography method using PDMS elastomeric polymer as fabrication material.  
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Finally, LoC fabricated from PDMS was reversibly bonded to the glass slide and fluid flow on 
chip was validated using a dyed viscous liquid. In the next chapter, the conclusion of this 
research will be made and further recommendations and possible extensions will be discussed. 
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Chapter 6 Conclusions and Further Recommendations 
 
In Chapter 5, numerical simulation was used to improve the design of a cell-culture LoC for 
viability of cells in the cell culture platform. SoftMABs were remodeled and newer LoCs were 
designed. Also, reverse masters were fabricated using soft-Lithography method using PDMS 
material. Later the LoC was bonded to a glass slip and fluid flow in LoC channels were validated 
experimentally using red stamp ink as the fluid.  
 
6.1. Conclusions 
 
Using SoftMABs, complex microfluidic LoCs can be designed by simply configuring them. 
Researchers without advanced skills can assemble SoftMABs into LoCs by dragging-and-
dropping them in desired configurations. Similarly, by using more innovative construction 
methods, it can be extended by embedding different biosensors: optical, acoustic, image and 
electrical sensors. For example, it can be mounted on a CMOS imager substrate to create the 
optical sensor. Similarly, planar lens can be embedded into a LoC by creating a SoftMAB and 
adding it in the fluidic path.  
In this thesis, a cell-culture LoC that can be combined with MEA glass slide was designed and its 
numerical validation results were discussed. Such a LoC can be used to record extracellular 
neuronal action potentials connected to a MEA data acquisition system. The SoftMAB design 
framework can be extended to design intracellular neuronal action potential recording LoCs. For 
example, adding shallow ceilings for the sharpened glass electrode to penetrate PDMS slab so 
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that the same glass electrode filled with Sodium Chloride (NaCl) solution acting as the salt-
bridge can be used for intra-cellular action potential recording sites.  
Another possible approach to extend this work is to construct SoftMABs for designing a worm-
chip LoC with trapping sites with thinned ceilings at sites and channels, where worms will be 
trapped, can be used to insert the glass electrode. By combining with a SoftMAB module, the 
same designed LoC can be used for both extracellular and intracellular recordings.  
In this work, SoftMABs were combined and assembled them into LoCs. SoftMABs were 
created, each of them embodies a unique and different feature, made in various configurations to 
create working microfluidic platforms. A LoC was reconfigured by replacing one of its 
constituent modules with another module to become a different LoC. The first LoC is for cell 
culturing, it is configured by placing a SoftMAB with cell culture chambers between input and 
output modules with inlet and outlet reservoirs.  
In another design, the module with cell suspension and culture chamber is configured between 
reservoir modules. However, it will be good to extend this framework with built in numerical 
models and simulation engine so that swapping a module will let the designer knows the changes 
in essential operational attributes of the LoC such as temperature distribution throughout the 
LoC, flow velocities at various points in channel, etc.. 
Similarly, more specialized SoftMAB modules were also designed and they were configured into 
different LoCs for PCR applications. Similarly, not only limited to continuous-flow PCRs, this 
SoftMAB approach exhibits potential for designing reservoir-based PCR-LoCs.  
 155 
 
By using advanced 3D printers, 3D models can be rapidly prototyped. If 3D printing technology 
permits, if it is possible to print an LoC with different types of polymers such as electro-actuated 
polymers, electrically conductive polymers and polymers material for sacrificial structures and 
proteins so that it will be able to eliminate the need for constructing LoCs in multiple-layer 
approach.   
After modeling the LoC by assembly, the model can be used as CFD model for simulation. CFD 
modules can be developed, one CFD module for each corresponding SoftMAB, so that CFD 
modules can be synthesized as per the layout of SoftMABs, to create a numerical model. That 
model will reflect fluid flow behaviour inside LoCs. SoftMABs can facilitate integrating 
microfluidic components with microelectronic components in next-generation LoCs. 
In this work, complex and novel microfluidic LoCs can be designed by simply configuring 
SoftMABs. Researchers without advanced design skills in 3D design and CAD drafting can 
design LoCs by configuring SoftMABs and send them to third party contractors for making 
masters or masks. SoftMABs can be assembled into LoCs by dragging-and-dropping them in 
desired layouts. Using the continuous-flow to droplet adaptor, one natural extension for 
SoftMAB framework will be extending it as design framework for DMF-LoCs.  
SoftMABs can be used by researchers to design LoCs rapidly and reconfiguring the LoC designs 
as needed. Since each SoftMAB is a 3D model and the integrated LoC is the composition of 3D 
models with mated fluid channels, the fluidic flow property of each SoftMAB can be modelled 
into a CFD module, prototyped. Using SoftMAB and numerical simulations, it is possible to 
automate the design process in which the researchers will use the extended SoftMAB framework 
to find the optimal LoC design for them. 
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6.2. Further Recommendations 
 
SoftMAB framework is developed to assist LoC researchers to design custom LoCs for them by 
themselves. The framework is mainly focused on microfluidic channels and chamber topologies. 
However, it also comes with specialized microfluidic components, such as perfusion 
microchambers and polymerase chain reaction modules. For example, by combining the PDMS-
LoC design with SoftMAB, the framework can be integrated with microelectrode array deposited 
on the glass slip as the LoC substrate to create a neurophysiological investigation platform or 
electrical signal producing biosensor for sensing toxins and pathogens. It can even be used as the 
computing and control centre of the robotic-rat platform.  Similarly, by adding microstructures to 
the neuronal cell-culturing LoC with microelectrode arrays, it is possible to construct the 
physiologically correct model of a section of the blood-brain-barrier. 
Moreover, SoftMAB design framework and its associated construction and operation framework 
address the several limitations of its non-software based predecessors and peers such as Modular 
Assembly Blocks, MABs or HardMABs. In contrast to SoftMABs, in HardMABs technique, 
prefabricated microfluidic components are manually assembled and sealed into microfluidic 
platforms. One of the limitations of the pre-fabricated modules is misalignment. Another issue is 
the mismatch between dimension and location of channels, due to differences in batch-by-batch 
variation, or due to the effects of storage and also there can be evaporation of fluid due to the 
inter-module gaps. SoftMAB framework addresses those issues by removing the seal loss and 
fluid leakage. 
Another advantage SoftMAB offers is that by using Solidworks macro scripting and Microsoft 
Visual Basic for Applications, it is possible to export length of the channel, and the dimensions 
 157 
 
such as width, height or radius of cross section of channel to a Microsoft Excel spreadsheet and 
simple calculations can be done to estimate heat transfer and shear stresses. Therefore, this 
framework offers a possibility to reduce the need for investment in numerical prototyping 
expertise and tool which is one of the barriers microfluidic research laboratories are facing 
currently. 
Numerical validation can be used to improve the design of SoftMABs, by using SoftMABs, it is 
still possible to convert each SoftMAB into numerical simulation models or the whole assembly 
of SoftMABs, the LoC-in-the-design-space, into CFD tool to validate as well as improve the 
design of an LoC. 
SoftMABs do not limit the LoC fabrication to any particular material or method. After 
assembling SoftMABs to develop LoCs or reverse masters, they can be fabricated by soft-
lithographic casting, 3D printing, micromachining, and laser ablating using many fabrication 
materials. This framework can be also used for fabricating LoC with other materials such as 
corrosion resistance material such as Teflon or acrylic. To overcome the solvent induced 
deformation of PDMS, SoftMABs can be used to fabricate solvent-resistant fluorinated-
norbornene (FNB) microfluidic platforms for cell culturing, separation and screening.  
Moreover, it is possible to use SoftMAB as HardMABs by pre-fabricating parts of microfluidic 
platform to be used as add-on plug-in modules. Using the construction and operational methods, 
it is possible to create three dimensional fluidic networks, valves and LoCs with non-planar cell-
culture perfusion chambers. It is also possible to develop an electrophysiological investigation 
platform for reading the action potentials from neurons by designing and constructing a cell-
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culture LoC with microperfusion chambers and later bonding it to the substrate with 
microelectrode arrays effectively creating a MEA-LoC.  
Another benefit of SoftMAB framework is that it is a scalable technology for it is software 
based. One of the applications of SoftMAB framework is that it can be applied as an educational 
platform for senior high schools, junior colleges and undergraduate for learning microfluidics 
especially in low-resource settings.  They can be used in classrooms as teaching aids. 
Since SoftMABs are software entities, and either each module or a completed assembly can be 
converted to numerical modules. Those numerical simulations models and SoftMABs can be 
deposited onto a web site and a user interface can be created so that users can design their LoCs 
and their designs can be validated numerically online.  
One of the possible application scenarios of SoftMAB framework can be discussed as follows: 
First, the researcher who wants to design a LoC for studying effectiveness of new synthetic 
proteins on neurons will log on to the design portal created and hosted by Deakin University, 
Waurn Ponds, Geelong, Australia. She is a biological researcher and she knows what she needs. 
However, she does not have in-depth expertise of designing mechanical parts, or fluid dynamics 
or numerical prototyping with CFDs. The interactive web page offers the researcher with the 
array of SoftMABs and the ability to drag-and-drop the SoftMABs into an assembly. By clicking 
the mouse, an assembly be configured, she can design the LoC within a few minutes. 
She will design LoC by dragging and dropping SoftMABs via that web interface. Then she came 
up with a LoC design.  Since the back-end of web portal is connected to a Numerical Simulation 
software engine such as open source tool such as OpenFOAM, or commercial tools such as 
COMSOL or ANSYS, she can request a job queue for the numerically validation of her design. 
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In the end, she will receive numerical simulation results of the validated LoC and a reverse 
master if the web portal has back-end 3D fabrication facility. She will also see how-to guide for 
constructing and operating an LoC. And it is possible that she may order a pre-fabricated LoC. 
The researcher hopes that it is also possible to start a community or build an ecosystem around 
the SoftMAB framework users and LoC researchers. 
Even without elaborate arrangements such as the web portal as discussed, front-end and back-
end infrastructures, SoftMAB modules, assemblies and construction practices can be shared 
between laboratories in countries in different geological regions. Researchers can collaborate by 
creating SoftMAB modules, packaging them into libraries and sharing on public domain such as 
Github, and contributing fabricated SoftMAB modules. 
Therefore, although there still are limitations in this research, the researcher believes that 
SoftMAB framework can lead to new way of designing LoCs and can help LoC research. It is an 
attempt to shift focus to design engineering approaches such as modularisation and integration 
from current focus on miniaturisation.  
Another possible home for this SoftMAB design frameworks is Soft-Robotics, an emerging field 
which has common denominator with microfluidics in materials such as polymers and methods 
such as soft-Lithography. SoftMABs as parts of SoftRobots can be created. They can be used for 
designing Soft-Robots like microfluidic platforms are designed as demonstrated in this thesis.  
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Appendix 
Matlab script that was used to generate graphs and plots: 
% 
% Reference : http://www.mathworks.com/help/techdoc/ref/griddata.html 
% 
clc; 
clear all; 
 
%newNum = xlsread(fileToRead); 
%x = newNum(:,1); 
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%y = newNum(:,2); 
%z = newNum(:,3); 
%sFile = [cells.mat]; 
%save(sFile,'x','y','s'); 
 
%mesh element# x y z t shear 
load -ascii cells.dat; 
x=cells(:,1)'; % strip out x axis values 
y=cells(:,2)'; % strip out y axis values 
z=cells(:,3)'; % strip out dependent variable 
t=cells(:,4)'; % strip out dependent variable 
s=cells(:,5)'; % strip out dependent variable 
 
%A(:,j) is the jth column of A. 
%A(i,:) is the ith row of A. 
 
%scatter3(X,Y,Z,S,C) displays colored circles at  
%locations specified by the vectors X, Y, and Z  
%(which must all be the same size). 
 
%S determines the size of each marker (specified in points).  
%S can be a vector the same length as X, Y, and Z or a scalar.  
%If S is a scalar, MATLAB draws all %the markers the same size. 
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%max X and Y 0.01455940 0.00860919 
%min X and Y 0.01364059 0.00639064 
 
ti = 0.006:.005:0.015;  
[XI,YI] = meshgrid(ti,ti); 
ZI = griddata(x,y,s,XI,YI); 
figure; 
mesh(XI,YI,ZI);  
plot3(x,y,s); 
axis tight; 
axis vis3d; 
grid on; 
box on; 
xlabel('X Axis'); 
ylabel('Y Axis'); 
zlabel('Shear Stresses'); 
title('Shear Stress on X-Y co-ordinates on uFD chip'); 
 
% Making Surface Plots From Scatter Data 
% The problem is that the data is made up of individual (x,y,z) 
% measurements. It isn't laid out on a rectilinear grid 
figure 
plot3(x,y,s,'.-') 
tri = delaunay(x,y); 
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plot(x,y,'.') 
[r,c] = size(tri); 
disp(r) 
h = trisurf(tri, x, y, s); 
axis tight 
axis vis3d 
%axis off 
l = light('Position',[.0015 .0015 .0015]) 
%set(gca,'CameraPosition',[0 0 0]) 
lighting phong 
shading interp 
colorbar EastOutside 
grid on 
box on 
xlabel('X Axis'); 
ylabel('Y Axis'); 
zlabel('S axis'); 
title('Shear Stresses 3D plot'); 
 
figure 
plot3(x,y,z,'.-') 
tri = delaunay(x,y); 
plot(x,y,'.') 
[r,c] = size(tri); 
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disp(r) 
h = trisurf(tri, x, y, z); 
%max X and Y 0.01455940 0.00860919 
%min X and Y 0.01364059 0.00639064 
%axis([min(x) max(x) min(y) max(y) zmin zmax cmin cmax]) 
axis tight 
axis vis3d 
%axis off 
l = light('Position',[.0015 .0015 .0015]) 
%set(gca,'CameraPosition',[0 0 0]) 
lighting phong 
shading interp 
colorbar EastOutside 
grid on 
box on 
xlabel('X Axis'); 
ylabel('Y Axis'); 
zlabel('Z axis'); 
title('XYZ meshed elements 3D plot'); 
 
figure 
plot3(x,y,t,'.-') 
tri = delaunay(x,y); 
plot(x,y,'.') 
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[r,c] = size(tri); 
disp(r) 
h = trisurf(tri, x, y, t); 
axis tight 
axis vis3d 
%axis off 
l = light('Position',[.0015 .0015 .0015]) 
%set(gca,'CameraPosition',[0 0 0]) 
lighting phong 
shading interp 
colorbar EastOutside 
grid on 
box on 
xlabel('X Axis'); 
ylabel('Y Axis'); 
zlabel('T axis'); 
title('3D plot for temperature(in K)'); 
Listing 1: Plotting Simulations Matlab script 
